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Researches on chemically modified electrodes 
was initiated about three decades ago by 
Hubbard [1, 2], Murray [3], and Millar [4] 
and their coworkers. The field of the chem- 
ically modified electrodes diverged sharply 
from the traditional field of adsorption on 
electrode surfaces [5] in a sense that one de- 
liberately seeks to immobilize a chemical 
on an electrode surface so that the elec- 
trode displays the chemical, electrochemical, 
optical, and other properties of the immo- 
bilized molecule (s). After this first review, 
researches in the field in 1986 [6] is sum- 
marized and the concept of the chemically 
modified electrodes is extended from the 
viewpoint of the broadened definition of 
an electrode (system). In the broad sense, 
an ionically conductive phase being in con- 
tact with an electronically conductive phase 
can be regarded as the electrode (system). 
Then, a side view of an electrode (system) 
consists of (1) an electrode phase (the elec- 
tronically conductive phase), (2) a transfer 
layer, (3) a diffused double layer, (4) a 
diffusion layer, and (5) a bulk solution. 
The region covering (2) and (3) is called 
an electrical double layer, and the region 
(2) ~ (5) together corresponds to the ioni- 
cally conductive phase. By broadening the 


definition of the electrode surface (or in- 
terface) including the region (2) ~ (5) into 
the bulk of solution, variation of possible 
ways to deliberately design the functional 
electrode surfaces has been expanded. 
For example, electrochemistry in micelles, 
microemulsions, and related microhetero- 
geneous fluids has been studied [7]. 

Not only the functional variations but 
also the chemical variations of the 
chemically modified electrodes have been 
broadened. Atomically modified electrode 
surfaces [7] have become popular with 
the developments in electrochemistry on 
surfaces of single crystals [8, 9] as well 
as the study of underpotential deposi- 
tions (UPD) [10]. Introduction of func- 
tions into the region (2) - (4) has been 
attained by using polymers [11, 12]. Af- 
ter a pioneering electrochemical study by 
Taniguchiet al. [13], self-assembled mono- 
layers (SAMs) of disulfides and thiols on 
gold electrodes [14, 15] have been studied 
extensively. 

This Volume describes, how to prepare 
monolayer modified electrodes on metals, 
carbons, silicon, conducting metal oxides, 
and chalcogenides; how to prepare film 
modified electrodes including polymer 


Encyclopedia of Electrochemistry. Edited by A.J. Bard and M. Stratmann 

Vol. 10 Modified Electrodes. Edited by M. Fujihira, I. Rubinstein, and J.F.Rusling 

Copyright © 2007 Wiley- VCH Verlag GmbH & Co. KGaA, Weinheim. ISBN: 978-3-527-30402-8 



2 


Part t Introduction 


modified electrodes; how to characterize 
ex situ or in situ the modified electrodes, 
and, finally, functions and applications of 
modified electrodes. 
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1.1 

Modification of Transparent Conducting 
Oxide (TCO) Electrodes through 
Silanization and Chemisorption of Small 
Molecules 

Michael Brumbach and Neal R. Armstrong 
University of Arizona, Tucson, Arizona 

1 . 1.1 

Introduction 

1 .1 .1 .1 The Metal Oxide Electrode and 
Modification Schemes 

Surface modification of transparent con- 
ducting oxide (TCO) thin film electrodes 
(indium-tin oxide (ITO), Sn02, TiC> 2 , 
ZnO, etc.) has traditionally been directed 
toward enhancement of heterogeneous 
electron transfer rates of solution species 
for which the electron transfer process is 
thermodynamically favored but kinetically 
inhibited. The surface-confined molecule 
is intended to exhibit rapid and reversible 
electron transfer at the oxide surface to pro- 
vide rapid mediation of electron transfer 
to a solution species [1], Surface-confined 
molecules are typically not directly “wired” 
into the conduction or valence band of the 
oxide, but electron transfer rates are often 
reasonably fast for these species simply 
because they have been brought into close 


proximity to the electronically active sites 
of the metal oxide. Chemical modification 
of the TCO surface can be accom- 
plished through covalent bond formation 
(silanization) or through chemisorption of 
molecules containing functional groups 
such as carboxylic acids, phosphonic acids, 
alkanethiols, and amines. 

Initial modification strategies were em- 
ployed for oxidation of biomolecules, 
such as ascorbic acid, neurotransmitters, 
heme proteins, and so forth using var- 
ious surface-confined molecules or thin 
films of conducting polymers. Modifica- 
tion schemes have also been used to attach 
photoactive dye molecules, such as ph- 
thalocyanines, porphyrins, and a variety 
of organometallic complexes, to oxide sur- 
faces to enhance redox processes between 
solution species and semiconducting elec- 
trodes [2-6]. Chemical modification of 
conducting oxide surfaces has also been 
used to enhance charge injection rates into 
condensed phase organic thin film devices 
(for example, in organic light emitting 
diodes (OLEDs) and organic photovoltaics 
(OPVs)). There is still some debate as 
to whether the enhancement in device 
performance is due to enhancements in 
wettability of the oxide surface toward the 
nonpolar molecules used in these devices, 
to changes in work function of the ox- 
ide surface, and/or to enhancements in 
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intrinsic rates of charge injection [7-13]. 
Many of the same strategies initially used 
to enhance solution electron transfer rates 
on these oxide surfaces appear to posi- 
tively impact device efficiencies in simple 
OLEDs and OPVs [9, 14-18], 

1.1. 1.2 Commonly Encountered TCO 
Electrodes 

The most commonly encountered TCO 
electrodes, typically studied as thin films, 
are antimony-doped tin oxide (ATO) or 
fluorine-doped tin oxide (FTO), ITO, ti- 
tanium oxide (anatase or rutile, Ti 02 ), 
and zinc oxide (ZnO) [19]. There are also 
some recently reported trinary and ternary 
oxides based on modifications of ITO, zinc- 
indium tin oxide, ZITO or IZTO, for exam- 
ple, which may become more popular with 
time as electrodes for solution-based redox 
chemistry and as anodes in devices such as 
OLEDs and OPVs [7]. These new tailored 
composition oxides may exhibit higher sta- 
bility, higher work functions, and/or a 
greater variety of surface sites with more 
possibilities for chemical modification. 

An idealized metal oxide surface is 
shown in Fig. 1, where the metal atoms 
are in tetrahedral coordination with four 
oxygen atoms. This metal oxide, empirical 
formula MO,, is stoichiometric, having no 
defects or surface hydrolysis products, and 
can be considered as a typical platform for 
understanding the modification of most 
TCO thin film materials of electrochemical 
interest. TCO films are typically deposited 
by sputtering, chemical vapor deposition, 
or pulsed laser deposition, and tend to 
be “microcrystalline” whose dominant ex- 
posed faces tend to be either (111) or (100) 


lattice terminations [19-23]. The structure 
and electronic properties of several TCO 
films can be summarized as follows: 
Indium-Tin Oxide (ITO): ITO has the 
complex unit cell of indium oxide (bixbyite 
lattice) consisting of more than 80 atoms. 
Indium oxide has two distinct indium 
sites in the lattice and as many as four 
oxygen species, considering surface hy- 
drolysis products and oxygen vacancies 
[24]. Oxygen vacancies and electron-rich in- 
terstitial tin dopant sites lie close in energy 
to the conduction band edge so that promo- 
tion of electrons into the conduction band, 
at room temperature, is facile [25]. Figure 2 
shows the proposed band diagram for ITO 
exhibiting the common features that dic- 
tate the electrical properties of many TCO 
materials. The upper portion of the va- 
lence band arises from filled 0(2p) orbitals, 
while the lower part of the conduction band 
arises from unfilled metal orbitals (In(5s) 
orbitals in the case of ITO). Oxygen defects 
are induced into the TCO material during 
its formation, usually by depositing or an- 
nealing the thin film in an oxygen-deficient 
atmosphere, thus creating electron-rich 
sites within a few kT of the conduction 
band edge. An interstitial dopant, tin, is 
often introduced into these In 203 lattices 
at concentrations up to 10% (atomic), pro- 
ducing additional electron-rich sites within 
a few kT of the conduction band edge. In 
ITO, the donor density can be as high as 
10 20 cm -3 with a sheet resistance as low 
as 10 sq -1 . The introduction of oxygen 

defect sites and other dopants, however, 
may also increase the chemical reactivity 
of these oxide surfaces toward hydrolysis 
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Fig. 1 Schematic view of an 
ideal metal oxide surface. 
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Fig. 2 Schematic view of the energy 
levels in ITO showing the components 
of the valence band and conduction 
band regions of the oxide, the presence 
of oxygen defect sites and interstitial tin 
dopant sites that contribute to electron 
density near the conduction band edge, 
rendering the oxide conductive at room 
temperature (after Ref. 25). 

>, 

CT> 

and other components of the vacuum de- 
position system. The reactivity of the oxide 
surface has important consequences for 
their further modification and enhance- 
ment of electron transfer rates, which have 
been extensively studied as functions of 
surface pretreatment [8, 24, 26, 27]. 

Tin Oxide (Sn0 2 ): Tin oxide has a tetrag- 
onal rutile structure with a unit cell of 
six atoms. The electrical conductivity of 
n-doped SnC >2 is due to the presence of oxy- 
gen vacancies, interstitial tin (in excess), or 
added dopants such as fluorine, chlorine, 
or antimony. Carrier concentrations can 
be increased to approximately 10 20 cm -3 
through doping from the intrinsic con- 
centration of approximately 10 18 cm -3 for 
Sn0 2 [19]. 

Titanium Oxide (Ti0 2 J: Titanium oxide 
exists in three different crystallographic 
structures, rutile, anatase, and brookite. 

The most commonly studied material is 
rutile, being the most stable phase, al- 
though many studies have been conducted 
on the anatase phase as well [28]. Stoi- 
chiometric rutile contains Ti 4+ in six-fold 
coordination with oxygen staggered by 
Ti 44- in five-fold coordination. Oxygen 
atoms at the surface are often bridging 
and only two-fold coordinated [23]. The 
band gap of rutile is 3.0 eV, and 3.2 eV 
for anatase, making titanium oxide a use- 
ful material for photocatalysis [29-31]. 
Photoelectrochemical cells based on sin- 
tered nanoparticulate arrays of anatase or 
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thin film Ti0 2 electrodes have been quite 
successful [32, 33]. Both anatase and ru- 
tile forms of Ti0 2 are readily n-doped 
by creation of oxygen vacancies leaving 
electron-rich Ti 3+ and Ti 2+ states in the 
band gap, with electron energies suffi- 
ciently close to the conduction band edge 
so as to provide for reasonable room tem- 
perature conductivity. 

1 .1 .1 .3 Variability in TCO Electrodes 

TCO thin films can exhibit tremendous 
variability in transparency, microstructure 
(and surface roughness), surface compo- 
sition, conductivity, chemical stability at 
high current densities (in OLEDs, OPVs, 
and chemical sensors), and in their chem- 
ical compatibility with contacting organic 
layers. Variability is often noticeable from 
production batch to production batch and 
within batches of the same metal oxide 
material [34]. Surface pretreatment condi- 
tions have also been shown to dramatically 
impact the electrochemical, physical, and 
photophysical properties of metal oxide 
films [8, 9, 24, 26, 27, 35]. Modification 
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of these surfaces through silanization and 
chemisorption would appear to be a means 
for improving the stability of these ox- 
ide surfaces, enhancing their compatibility 
with nonpolar solvents and condensed 
phase materials, and optimizing rates of 
interfacial electron transfer. 

1 . 1.2 

Factors that Control the Surface 
Composition oftheTCO Electrode 

The structure shown in Fig. 1, represent- 
ing an ideal metal oxide surface, provides 
a useful platform for understanding metal 
oxide surfaces. A further, and more re- 
alistic, modification to the model would 
account for the presence of surface hydrol- 
ysis products as shown in Fig. 3. Surface 
hydrolysis critically affects the chemical 
modification of the TCO surface. Mod- 
erate hydrolysis may only break bridging 
oxygen-metal bonds leaving surface hy- 
droxyl groups. More extensive hydrolysis 
can lead to fully hydroxylated metal species 
that may remain physisorbed. The pres- 
ence of dopants and/or oxygen vacancies, 
as shown in Fig. 4, can also affect the metal 
oxide surface by creating sites that can re- 
act with adventitious impurities present 
during, or after, deposition. 

Varying degrees of hydroxylation and 
defect density, as well as the preferential 
migration of dopants to the near surface 
region, contribute to the high degree of 
heterogeneity in electron transfer rates 
and chemical compatibility commonly 


observed with oxide electrodes. Hydrolysis 
products on ITO remain strongly ph- 
ysisorbed (precipitated) to the electrode 
surface at greater than monolayer cover- 
age, constituting a primary factor for the 
appearance of electrical “dead spots” on 
the oxide surface [24, 36, 37]. The so-called 
“dead spots” are regions exhibiting poor 
electroactivity or no electroactivity. 

Surface hydrolysis of metal oxide sur- 
faces can be examined by comparison to 
solution equilibrium constants for hydrol- 
ysis and solubility. Indium oxide has a 
favorable equilibrium constant for hydrol- 
ysis [38-40]: 

ln 2 0 3 + 3H 2 0 < » 2In(OH) 3 

K = 4.3 x 10 1 (1) 

Whereas, the fully hydrolyzed In moiety, 
In(OH) 3 , has a very low solubility product. 

In(OH) 3 * » In 3+ + 30H“ 

K sp = 1.3 x 10“ 37 (2) 

There is also the possibility for incomplete 
hydrolysis of an indium surface oxide 
creating the intermediate hydroxylated 
species, InOOH: 

ln 2 0 3 + H 2 0 < » 2InOOH (3) 

This type of surface site may also arise 
by the nucleophilic attack of water on 
exposed oxide defects, which serve as sites 
for dissociative adsorption. In contrast, 
hydrolysis of tin oxide is significantly less 
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Fig. 3 Schematic view of an oxide 
surface that has undergone hydrolysis, 
producing hydroxylated sites, and even 
physisorbed metal hydroxide, 
monomers or polymers. 
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Fig. 4 Schematic view of the 
near surface region of the oxide 
thin film with oxygen vacancies, 
producing electron-rich metal 
sites and dopant sites of lower 
stoichiometry, and also creating 
electron-rich sites. 
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favored than for indium oxide, at any pH 
[38, 39]: 

Sn0 2 + 2H 2 0 « > Sn(OH) 4 

K = 5.6 x 10 -10 (4) 

While the solubility of tin hydroxide is 
higher than for indium hydroxide: 

Sn(OH) 2 < > Sn 2+ + 2(OH“) 

K = 1.4 x 10 -28 (5) 

Sn(OH) 4 < > Sn 4+ + 4(OH“) 

K = 7.2 x 10 -14 (6) 

The typical doped Sn0 2 thin film can 
therefore be expected to show monolayer 
(but not significantly higher) coverages of 
hydroxide species. Hydroxide species in 
excess of monolayer coverage would be 
expected to be more easily removed from 
the oxide surface through pretreatment 
steps. 

For titanium oxides and zinc oxides, sim- 
ilar hydrolysis and dissolution processes 
must be considered [39, 41]: 


Zn(OH) 2 <- 

— ► Zn 2+ + 20H“ 



K sp = 3 x 1(T 16 

(7) 

Ti(OH) 4 <- 

— > Ti 4+ + 40H“ 



K sp = 7.94 x 10“ 54 

(8) 


Chemical modification of these oxides, 
therefore, needs to take into account the 
routes to formation and loss of surface 
hydroxide species playing a key role in 


determining the surface coverage of the 
modifier. Rates of electron transfer/charge 
injection at the modified oxide surface 
are subsequently affected. Despite the un- 
certainties in oxide surface composition, 
several modification protocols have been 
developed over the last thirty years, which 
yield improved electrochemical perfor- 
mance of the TCO thin film. Two strategies 
have continued to be successful at modi- 
fying metal oxide electrodes; silanization, 
covalent bond formation to metal hydrox- 
ides, and chemisorption, using functional 
groups known to either hydrogen bond to 
M-OH sites and/or to coordinate to metal 
cation sites. 

1.1.3 

Chemical Modification ofTCO Surfaces 
Using Silane Chemistries 

1 .1 .3.1 Introduction to Silane Modification 

Surface modification of TCO thin films 
with monofunctional, difunctional, and 
trifunctional organosilanes arose initially 
from protocols developed in modifying 
silica surfaces [42]. The covalent attach- 
ment of functional groups to the oxide 
surface through silanization involves the 
coupling of the functionalized silane to 
the metal oxide at hydroxylated sites, 
through a metal-oxygen-silicon bonded 
network with the release of one or more 
“leaving groups” as shown in Fig. 5. “Leav- 
ing groups” are generally chlorides or 
alkoxides (methoxide or ethoxide) yield- 
ing HC1 or the corresponding alcohol as 
by-products. 
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Fig. 5 Schematic view of silane 
modification of an oxide 
surface, using (as an example) a 
tri-methoxy silane. Reaction 
with only one surface hydroxide 
site is shown, releasing 
methanol as the product. 
Unreacted hydroxide sites 
remain, as do unreacted alkoxy 
groups on the silane, which can 
further cross-link under 
appropriate conditions. 


In the absence of water, silane modifiers 
can form multiple bonds to the surface cre- 
ating a clawlike multidentate attachment, 
Fig. 6(a) [43]. Silanes with multiple leaving 
groups, however, will generally cross-link 
during the surface attachment process, 
or afterward during storage in high hu- 
mid environments, to form a polymeric, 
hydrolytically stable layer, as shown in 
Fig. 6(b). The functional group (R) can be 
an alkyl or aromatic group terminating 
with a redox active molecule (ferrocene, 


viologen, porphyrin, phthalocyanine, etc.) 
or can simply be tailored to control the 
wettability of the TCO surface. 

It is desirable to start with a surface 
that has been mildly hydroxylated for 
surface modification, as opposed to the 
stoichiometric surface shown in Fig. 1, 
so that there are sufficient reactive sites 
for silanization. If the redox chemistry of 
an attached molecule is to be optimized, 
it is also desirable to work with mono- 
functional silanes. In this case, only one 
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Fig. 6 Schematic view of cross-linking 
a silane surface modifier as it passes 
through the (a) multidentate/brush 
phase to the (b) fully cross-linked phase, 
with relatively few unreacted M — OH 
groups left on the oxide surface. 
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attachment site is created, thereby leaving 
the tethered redox group in close proxim- 
ity to the electrode surface and promoting 
reasonable rates of electron transfer [1], 
Control of surface hydroxylation, however, 
given the tendency of oxides to exten- 
sively hydrolyze, is problematic and affects 
the coverage of redox active groups that 
can be achieved through silanization reac- 
tions. Silane formation on SnC >2 surfaces, 
where hydrolysis can be more easily con- 
trolled appears to be a more advantageous 
strategy. 

Silanization is generally performed in 
refluxing toluene or benzene with low con- 
centrations of the desired silane. Silanes 
of the form X(R2)2SiRl have only one 
reactive bond and can therefore make 
only one bond with the metal oxide sur- 
face (see Fig. 5). X represents a chloride, 
methoxy, ethoxy, or other “leaving group.” 
R2 groups are typically small substitutents 
such as methyl groups, but can be changed 
to something larger such as phenyl groups 
to provide steric hindrance and blocking 
unsilanized surface sites. Large side chains 
would, however, also sterically reduce the 
number of silane molecules bound to the 
oxide. The energy barrier for the surface 
bonded silane to rehydroxylate, and the 
metal oxide to “heal,” with a bridging oxy- 
gen, is extremely low. Therefore, these 
brushlike phases are generally unstable 
and nearly all of the brushlike phases 
reported in the literature are produced 
with triply reactive silanes reacted un- 
der highly controlled dry conditions such 
that multiple bonds can be made with 
the surface, as shown in Fig. 6(a). Accord- 
ing to Kirkov, there are 2.23 x 10 15 Sn— O 
sites cm 2 on SnC >2 [44, 45], and similar 
site densities can be expected for ITO and 
TiC> 2 . Since not all sites will be uniformly 
reactive, a maximum surface coverage 
is approximately 10 -10 moles cm -2 for a 


brushlike silanized layer with tridentate 
attachment. 

1 . 1 . 3.2 Examples of Silane Modification 

Trimethoxysilane molecules will cova- 
lently attach to ITO following a reflux 
of the electrode in a 10% (silanertoluene) 
solution for approximately 30 min [37]. Ex- 
cess silane can be removed by sonication 
for 10 min in pure toluene. Water con- 
tact angle measurements on such modified 
surfaces immediately show increased con- 
tact angles, consistent with the addition of 
silane molecules with nonpolar function- 
ality to the surface. On ITO, the contact 
angle can change from less than 30° be- 
fore modification, to angles higher than 
65° after modification, and even higher if 
cross-linking of the silane occurs [37, 46]. 
X-ray photoelectron spectroscopy (XPS) is 
also used to verify the presence of silicon 
on the surface. Shepard and Armstrong 
have measured the electrode interfacial ca- 
pacitance at tin oxide electrodes modified 
with a series of silanes [47-50]. The ca- 
pacitance studies showed the sensitivity of 
the electrical properties of modified sur- 
faces to variations in reaction conditions 
during silanization, and to the types of 
functional groups attached to these sur- 
faces. 

Untereker et al. used several meth- 
ods for creating clawlike brush phase 
silane layers on SnC> 2 , TiC> 2 , and 
glass [43]. SnC >2 was modified with y- 
aminopropyl-triethoxysilane, 3-(2-(amino- 
ethylamino)propyltrimethoxysilane) , and 
/J-trichlorosilyl-2-ethylpyridine by expos- 
ing the electrodes to 2-10% organosi- 
lane solutions in refluxing benzene or 
xylene under N 2 for up to 12 h. The 
electrodes were washed with dry ben- 
zene. A similar procedure was used for 
silanizing SnC >2 and TiC >2 at room tem- 
perature with lower silane concentrations. 
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Another brief exposure was performed 
with 1% organosilane in benzene at 6°C 
under argon for 10 s. A more aggres- 
sive silanization procedure was used to 
modify glass with neat organosilane in a 
sealed tube at 90 °C for 12 h. The authors 
evaluated their films via XPS to deter- 
mine thickness and approximate surface 
coverages. 

Finklea and Murray accomplished the 
silanization of single crystal TiC >2 fol- 
lowing a 5 min exposure of the elec- 
trodes to 10% silane solutions in ei- 
ther toluene or benzene. Excess silane 
was removed with fresh solvent, while 
methanol was found to reduce the silane 
coverage [51]. The silanes evaluated in 
these studies were 3-(2-aminoethylamino)- 
propyltrimethoxysilane, methyltrichlorosi- 
lane, and dimethyl-dichlorosilane. XPS 
surface analysis showed the presence of 
some cross-linking but could not conclu- 
sively characterize the homogeneity of the 
modified surface. Their photocurrent re- 
sults indicated that the M— O— Si bond 
is oxidatively stable to photo-generated 
holes and, therefore, may provide a use- 
ful means of modifying TiC >2 particles for 
use in dye sensitized solar cells DSSCs. Re- 
dox active and photoelectrochemically ac- 
tive metal phthalocyanines were attached 
to y -aminopropyltriethoxysilane-modified 
SnC> 2 . Tetrasulfonated cobalt and copper 
phthalocyanines (CoTSPc and CuTSPc) 
were modified with thionyl chloride, to 
provide for attachment to the silanized sur- 
face via formation of sulfonamide linkages 
[47, 50], 

Phenyl and diphenyl silane-modified 
ITO surfaces have been used to im- 
prove the physical compatibility with Lang- 
muir- Blodgett thin films of phthalocya- 
nine assemblies, where the direct electron 
transfer of the assembly with the ITO sur- 
face was of concern [46], 


C^o has been tethered to ITO in 
a self-assembled network by exposing 
the ITO to basic conditions followed 
by a reflux in high concentrations of 
(MeO) 3 Si(CH 2 ) 3 NH 2 in benzene for half 
a day [52]. The electrodes were then mul- 
tiply rinsed before refluxing in a 1-mM 
solution of C^o in benzene for as long as 
2 days. This scheme resulted in an ITO- 
silane-N-C6o tethered network and allowed 
for the formation of an organized C6o 
layer on the ITO surface. Quartz and glass 
were similarly modified for spectroscopic 
comparisons. Nearly, all monolayer cover- 
age of C6o was determined electrochem- 
ically, 1.7 x 10“ 10 mols cm -2 . Reduction 
of C^o in these films is shifted more 
negatively, indicating a direct interaction 
between the underlying silyl-amine layer 
and C 6 o. 

1 . 1 . 3.3 Silane Modification of Electrodes 
for Use in Devices 

Perfect cross-linking of silane molecules 
is unlikely in most circumstances due to 
a mismatch in the lattice spacing between 
the cross-linked silane layer and the un- 
derlying metal oxide substrate. A more ac- 
curate picture of a silanized surface would 
consist of some silane molecules attached 
via multidentate binding interspersed with 
cross-linked neighboring silanes as shown 
in Fig. 6(b). Extensive cross-linking of sur- 
face silanes may provide a stable modified 
surface; however, it also appears to impede 
electron transfer and, for optimization of 
solution redox processes, may not be de- 
sirable [1, 46]. 

Marks and coworkers have shown how 
extensively cross-linked silane monolayers 
and multilayers can be used to stabilize an 
electrode and regulate charge injection in a 
condensed OLED phase [14, 53-55]. Their 
approach has been to start with silanes 
functionalized with various redox active 
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groups and to terminate by functional 
groups, which can subsequently be con- 
verted to new reactive silanes, to produce 
a layer-by-layer “self-limiting” chemistry. 
Multilayer formation can be well con- 
trolled, leading to desired film thicknesses 
and orientation of the charge transport- 
ing core molecules [14]. In general, these 
modified electrodes show significantly im- 
proved performance as anodes in OLEDs, 
apparently due to the fact that hole injec- 
tion into the tri-arylamine hole transport 
layer (which is the core molecule being 
cross-linked by these silanes), is impeded 
after modification. This allows for a more 
balanced injection of both holes and elec- 
trons in the device and results in the 
emissive state forming in the middle of 
the thin film device [14]. 

Chlorosilanes are often used to aid in 
the extensive cross-linking that is desired 
for the modification of anodes for use 
in OLED devices. Chlorosilanes liberate 
HC1 as a by-product of silane attachment, 
which can degrade the TCO surface if low 
concentrations of base are not added for 
neutralization. No significant etching of 
the TCO anode surface has been noted, and 
surface analysis of the modified electrode 
generally indicates no entrapped chlorine 
[14, 51-53]. 

Silane modification of ITO and Sn02 
electrodes has also been used to create 
nearly perfect “blocking” electrodes, such 
as thin films where rates of electron trans- 
fer are intentionally kept low, so as to pro- 
vide for measurement in changes in inter- 
facial potential of an additional overlayer, 
such as a bilayer lipid membrane, during 
ion transport, pH changes, and so forth. 
Hillebrandt and Tanaka have evaluated the 
effects of octyltrimethoxysilane (OTMS), 
octadecyltrimethoxysilane (ODTMS), and 
octadecyltrichlorosilane (OTS) on ITO 
for applications to lipid-membrane-based 


biological sensors [56-58]. The authors 
found that the ITO electrodes can be ef- 
fectively blocked from electron transfer by 
silanization. Silanization results in more 
uniform films suitable for the biological 
sensor platform, with ionic diffusion oc- 
curring almost entirely from pinholes in 
the film. Silanization was accomplished by 
sonicating ITO substrates in 5 vol% solu- 
tions of the silane in dry toluene with 0.5 
vol% n-butylamine, followed by 30 min of 
incubation. Temperatures were held be- 
low 293 K for ODTMS and below 280 K 
for OTMS. Sonication in dry toluene for 
2 min removed excess silane. Markovich 
and Mandler also derivatized ITO with 
ODTMS but derivatization was performed 
over a seven-day period [59, 60], 

The long alkyl chain length and stability 
of cross-linked silanized surfaces also 
allows for their use as masks for patterning 
and etching TCO substrates. ODTMS has 
been used as a mask for patterning ITO 
[61]. Luscombe et al. have used perfluoro- 
decyltrichlorosilane as a mask for etch 
resists for lithographic processing of ITO 
surfaces [62]. 

1.1.4 

Modification ofTCO Surfaces through 
Chemisorption of Small Molecules 

1.1 .4.1 Modification using Small 
Molecules Containing Carboxylic Acid 
Functionality 

Modification of electrode surfaces through 
chemisorption has been more in recent re- 
ports than silanization, and its discussion 
here is intended to contrast the strategies 
used for both types of surface modifica- 
tion. Chemisorption of small molecules 
to the TCO surface allows for robust 
modifications occurring over short dis- 
tances and with relatively strong interactive 
forces (AH = ca. 200 kj mol -1 ) through 
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combinations of electrostatic, H-bonding, 
and metal ion coordination. Chemisorp- 
tion processes generally have a high ac- 
tivation barrier for adsorption, may be 
irreversible, and can “self-limit” at mono- 
layer coverage. Owing to the amphoteric 
nature of metal oxide surfaces, chemisorp- 
tion of Lewis acids such as carboxylic 
acids, aliphatic and aromatic amines, and 
phosphonic acids are generally successful. 
Chemisorption typically anchors individ- 
ual molecules in close proximity to metal 
cationic sites and may also compete for 
sites with surface hydrolysis products. Pre- 
vious work has examined chemisorption 
to ITO, SnC> 2 , and T 1 O 2 surfaces, with 
most of the studies reporting adsorption 
of either carboxylic or phosphonic acids or 
salts. 

Carboxylate functionalities have been 
used repeatedly and successfully as an 
anchoring group for molecular chemisorp- 
tion to oxide electrodes proceeding through 
the formation of an ester linkage to the 
metal with the loss of water, or through 
hydrogen-bonding interactions to surface 
hydroxyl groups. Possible interactions for 
carboxylic groups are shown in Fig. 7. 
Binding constants for the carboxylic group 


for ITO and ATO have been determined to 
be as high as 8 x 10 4 M _1 [34]. 

Chemisorption is often as successful as 
silanization at obtaining monolayer cov- 
erages of small molecule modifiers. As 
an example, Davis and Murray attempted 
to couple iron porphyrins to amine- 
terminated silanized Sn02 surfaces. The 
authors found that the surface coverage 
was independent of the apparent extent of 
surface silanization [63]. Silanized andun- 
silanized electrodes were soaked in 5 mM 
porphyrin dissolved in DMF, THF, or pyri- 
dine solutions overnight. Porphyrins with 
pendant carboxylic acid groups produced 
higher surface coverages (determined 
by coulometric analysis of the voltam- 
metry of the surface-confined species) 
on bare, unmodified SnC >2 than seen 
on SnC >2 electrodes modified with 3-(2- 
aminoethylamino)propyltrimethoxysilane. 

Zotti and coworkers adsorbed sev- 
eral carboxylated ferrocene deriva- 
tives on ITO: ferrocene-carboxylic acid 
(Fc(COOH)), ferrocene-dicarboxylic acid 
(Fc(COOH) 2 ), and ferrocenylheptanoic 
acid Fc(CH 2 ) 6 COOH [64], Fc(COOH) was 
adsorbed from 1-mM solutions of the 
molecule in 5/95 ethanol/hexane for as 
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Fig. 7 Schematic views of the possible 
interaction modes of carboxylic acids 
with TCO surfaces. 

(a) “Metal-ester”-like interactions; 

(b) “bridging” coordination with metal 
ion sites (created by formation of 
oxygen vacancies in the lattice); 

(c) “chelating” interaction - one 
carboxylate per open metal site [30], 
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long as 16 h, followed by a rinse with 
acetonitrile. Higher solution concentra- 
tions were found to yield higher surface 
coverage, following a Langmuir adsorption 
isotherm, with saturation coverage (ca. 1 x 
10 -10 mols cm -2 ) occurring at approx- 
imately 10 mM solution concentration. 
The saturation coverage, however, was 
25% of the expected monolayer coverage 
(4 x 10~ 10 mols cm -2 ) based on the geo- 
metric area [65]. Fc(COOH )2 was adsorbed 
from ethanol, while Fc[(CH 2 ) 6 COOH] was 
adsorbed from hexane. Adsorption of these 
molecules appears to be kinetically lim- 
ited. Recent work has shown that time 
for adsorption is required to remove hy- 
drolysis products (e.g. In(OH) 3 ) or other 
nonelectroactive species adsorbed to the 
ITO surface [66]. 

Fc(COOH )2 has been used success- 
fully to increase electron transfer rates 
and for enhancing the performance of 
organic light emitting devices and or- 
ganic photovoltaics [24, 37]. In addition 
to modifications of electron transfer rates, 
carboxylic acid-modified small molecules 
have been used to introduce dipole fields 
at the surface of TCO substrates. For 
example, benzoic acid derivatives have 
been used to modify the interface dipole 
at ITO surfaces, attached to the ox- 
ide surface via formation of a Lang- 
muir- Blodgett thin film. Changes in 
work function closely relate to changes 


Fig. 8 Schematic views of possible 
hydrogen-bonding interactions of 
protonated carboxylic acids to an ideal 
TCO surface, (a) Interaction mode 
where the protonated carboxylic acid 
H-bonds to a bridging oxygen. A 
hydroxylated metal site also H-bonds to 
the second carboxylic oxygen, (b) A 
single hydrogen bond is also plausible. 


in the dipole induced by the derivatized 
modifiers [67]. 

Dye molecules possessing carboxylate 
functionalities have been extensively ex- 
plored as sensitizers of semiconducting 
oxide electrodes toward visible light in 
photoelectrochemical cells [4, 32, 68]. Dye 
sensitization was first explored as a means 
of enhancing the photocatalytic properties 
of TiC >2 [69-72]. Spitler and coworkers 
investigated dye sensitization of ZnO elec- 
trodes using carboxylic acid functionalized 
dyes [4-6]. The authors found that the pho- 
tocurrent produced by dye sensitized TiC >2 
and ZnO crystals closely resembled the ab- 
sorption spectrum of the dye, indicating 
that the dye is in close proximity to the 
crystal and, upon excitation, injects charge 
into the semiconductor from energy levels 
that are relatively unperturbed. 

The observation of photocurrent from 
dye sensitized planar semiconductors 
led to the evolution of the DSSC, 
on the basis of extremely high sur- 
face area nanoparticulate oxides, usu- 
ally TiC> 2 . The most successful dye for 
sensitization, N3, cis-bis(isothiocyanato) 
bis(2,2 / -bipyridyl-4,4 / dicarboxylato) ruthe- 
nium (II), employs several carboxylic acid 
groups for adsorption to TiC> 2 , ZnO, Sn02, 
and/or ITO from an ethanol or acetoni- 
trile solution over a several-hour period 
[32]. Electron injection from the excited 
state of this dye to the conduction band 
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of the oxide is believed to occur on a 
femtosecond timescale [73, 74]. Binding 
constants for the carboxylated dyes assum- 
ing an ester linkage are 8 x 10 4 M _1 on 
SnC >2 from chloroform [73]. A similar car- 
boxylated ruthenium complex has been 
evaluated on ATO, ITO, Ti02, and SiC >2 
[34]. The authors argue for ester linkages 
on all substrates except silica. On silica, 
adsorption occurs through a chelating car- 
boxylato link with a second carboxylate 
group hydrogen bonding to the surface. 
Hydrogen-bonding interactions for proto- 
nated carboxylic groups to TCO surfaces 
can also be envisioned as shown in Fig. 8. 
Notice that physisorption can occur to 
metal oxide surfaces, which are not hydrox- 
ylated, by formation of hydrogen bonds to 
bridging oxygens. 

1.1. 4. 2 Modification Using Phosphonic 
Acids and Other Chemisorbing 
Functionalities 

Phosphonic acids are known to chemisorb 
strongly to oxides such as ITO and have 
been used to help produce lithograph- 
ically patterned ITO surfaces [75, 76]. 
The schematic view of the adsorption of 
such materials is shown in Fig. 9. Adsorp- 
tion of hexylferrocene phosphonic acid 
(Fc[(CH 2 ) 6 PO(OH) 2 ]) has been investi- 
gated by Vercelli et al. from ethanol to 
silanized and unsilanized ITO surfaces 


[77]. A maximum surface coverage was 
obtained at 4.2 x 10 -10 mols cm -2 , ap- 
proximately four times the surface cover- 
age obtained with the analogous carboxy- 
lated ferrocene. Cyclic voltammetry (CV) 
of the adsorbed (Fc[(CH 2 ) 6 PO(OH) 2 ]) ex- 
hibits a symmetric voltammogram about 
the x-axis (applied potential axis). The 
high degree of symmetry suggests fast, re- 
versible electron transfer at the interface. 
Additionally, the modifying molecules 
were found to be very robust to CV cycling. 

An amine derivatized ferrocene 
molecule, Fc[CH 2 N(CH 3 ) 2 ], was used to 
modify ITO, although less successfully 
than the carboxylic derivatives [64]. 
Modification with amines tends to create 
a less robust modification, where the 
molecules can be easily removed with 
solvents. CV cycling can also lead 
to the loss of amine modifiers. This 
phenomenon is clearly a result of the 
weaker Lewis base characteristics of 
the amine for the Lewis acid sites 
on the metal oxide surface. Han and 
coworkers, however, were able to design 
a dense self-assembled monolayer of 1,12- 
diaminododecane from methanol onto 
ITO after 60 h of immersion [78]. The 
terminating amine group allowed for the 
subsequent addition of a monolayer of 
phosphomolybdic acid to provide redox 
active centers. The diaminododecane, at 
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Fig. 9 Schematic views of the possible interaction modes of phosphonic acids with TCO 
surfaces; (a) monodentate attachment (b) unidentate attachment and (c) multidentate 
attachment. 
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6 x 10 -10 mols cm -2 , provided a platform 
for one-third as much redox active 
acid. This protocol may allow for the 
modification of oxide surfaces through 
chemisorption to obtain surfaces similar 
to those obtained through silanization; 
however, the robustness of this platform 
was not evaluated. 

Cyanuric chloride has been used to 
modify oxide and graphite electrodes [79]. 
The linkage, an ether bond through surface 
hydroxyls, is short and strong, allowing for 
a robust surface and enhanced electron 
transfer between the surface and the 
aromatic terminal group. 

Another modification scheme of note is 
the selective addition of tin-phenoxides on 
an ITO surface, a process developed by 
Schwartz and coworkers for the modifica- 
tion of the effective work function of ITO 
surfaces [13, 80]. Because of the low con- 
centration of tin sites on such surfaces, 
this modification scheme, which does not 
modify exposed indium sites, places the 
functional groups at some distance from 
each other, a type of modification not 
afforded by other modification schemes 
based on covalent bond formation, or 
chemisorption. 

Heme proteins have also been adsorbed 
to TCO surfaces as “modifiers” of their 
electrochemical properties. These adsorp- 
tion processes are undoubtedly a combi- 
nation of electrostatic forces, H-bonding, 
and metal ion coordination in the TCO 
surface, and produce reasonably robust 
and active modifying layers. Cytochrome C 
(cyt C) has been the most extensively stud- 
ied adsorbed heme protein. Hawkridge 
and coworkers have examined the elec- 
trochemical behavior at gold, platinum, 
and metal oxide electrodes [81]. Electron 
transfer rates as high as 10“ 2 cm s -1 
were obtainable at ITO electrodes. Bowden 
and coworkers have determined that the 


electron transfer rates are associated with 
a conformational change of the molecule 
in the adsorbed state at the electrode sur- 
face [82, 83]. Above a certain scan rate, 
the conformational change can be over- 
come. More recently, Runge and Saavedra 
showed that cyt C forms a sufficiently 
stable adsorbed state such that it can be mi- 
crocontact printed on ITO surfaces, while 
retaining high electron transfer rates [84]. 

1.1.5 

Conclusions 

The modification of TCO surfaces can 
clearly be used to enhance the electro- 
chemical performance of oxide electrodes. 
There are, however, issues yet to be 
resolved regarding the initial surface com- 
position of the oxide, especially for ITO, 
which prevent realization of the full elec- 
trochemical and electronic potential of 
these electrodes. In some cases, the mod- 
ification chemistries produce a surface, 
which is sufficiently robust to be used 
in various sensor platforms or condensed 
phase devices. However, it is not yet 
clear whether long-term stability can be 
achieved in those cases where the oxide 
is exposed to solutions that also promote 
the hydrolysis of the oxide unless an ex- 
tremely strong covalently bonded network, 
or chemisorption interaction can be pro- 
duced. These modification strategies will 
continue to evolve with the increasing need 
for viable interfaces between electroactive 
materials and the metal oxide electrode. 

Acknowledgments 

Work cited in this review from our 
laboratories was supported in part by 
the National Science Foundation (Chem- 
istry); the Office of Naval Research; the 



28 | 7 Preparation of Monolayer Modified Electrodes 

Department of Energy, National Renew- 
able Energy Laboratories Program, Photo- 
voltaics Beyond the Horizon; the Depart- 
ment of Energy, Basic Energy Sciences, 
and the National Institutes of Health. 

References 


1. R. W. Murray, Molecular design of electrode 
surfaces in Techniques of Chemistry (Ed.: 
R. W. Murray), John Wiley & Sons, New 
York, 1992, pp. 1-48, Vol. 22. 

2. F. Decker, J. Melsheimer, H. Gerischer, Isr. 
J. Chem. 1982, 22, 195-198. 

3. K. Kalyanasundaram, M. Gratzel, Photosen- 
sitization and Photocatalysis Using Inorganic 
and Organometallic Compounds, Kluwer Aca- 
demic Publishers, Boston, 1993. 

4. M. A. Ryan, M. T. Spitler, Langmuir 1988, 4, 
861-867. 

5. M. T. Spitler, M. Calvin,/. Chem. Phys. 1977, 

66, 4294-4305. 

6. M. T. Spitler, M. Calvin,/. Chem. Phys. 1977, 

67, 5193-5200. 

7. J. Cui, A. Wang, N. L. Edleman et al., Adv. 
Mater. 2001, 13, 1476. 

8. J. S. Kim, F. Cacialli, R. Friend, Thin Solid 
Films 2003, 445, 358-366. 

9. J. S. Kim, R. H. Friend, F. Cacialli, Synth. 
Met. 2000, 111-112, 369-372. 

10. R. W. Murray, Acc. Chem. Res. 1980, 13, 
135-141. 

11. J. J. Pesek, M. T. Matyska, Interface Sci. 1997, 
5, 103-117. 

12. K. D. Snell, A. G. Keenan, Chem. Soc. Rev. 
1979, 8, 259-282. 

13. A. R. Span, E. L. Bruner, S. L. Bernaseket al., 
Langmuir 2001 , 17, 948-952. 

14. J. E. Malinsky, G. E. Jabbour, S. E. Shaheen 
et al., Adv. Mater. 1999, 11, 227-231. 

15. R. A. Hatton, S. R. Day, M. A. Chesters et al., 
Thin Solid Films 2001, 394, 292-297 . 

16. C. Ganzorig, K. J. Kwak, K. Yagi et al., Appl. 
Phys. Lett. 2001, 79, 272-274. 

17. S. Besbes, A. Ltaief, K. Reybier et al., Synth. 
Met. 2003, 138, 197-200. 

18. P. K. H. Ho, M. Granstrom, R. H. Friend 
et al., Adv. Mater. 1998, 10, 769-774. 

19. H. L. Hartnagel, A. L. Dawar, A. K. Jain 
et al., Semiconducting Transparent Thin Films, 


Institute of Physics Publishing, Philadelphia, 
1995. 

20. R. Hengerer, B. Bolliger, M. Erbudak et al., 
Surf. Sci. 2000, 460, 162-169. 

21. L.-Q. Wang, D. R. Baer, M. H. Engelhard 
et al., Surf. Sci. 1995, 344, 237-250. 

22. L.-Q. Wang, K. F. Ferris, A. N. Shultz et al., 
Surf. Sci. 1997, 380, 352-364. 

23. U. Diebold, Appl. Phys. A. 2003, 76, 681-687. 

24. C. Donley, D. Dunphy, D. Paine et al., Lang- 
muir 2002, 18, 450-457. 

25. J. C. C. Fan, J. B. Goodenough, J. Appl. Phys. 
1977, 48, 3524-3530. 

26. N. D. Popovich, S. S. Wong, S. Ufer et al., /. 
Electrochem. Soc. 2003, 150, H255-H259. 

27. N. D. Popovich, B. K. Yen, S. S. Wong, Lang- 
muir 2003, 19, 1324-1329. 

28. M. Lazzeri.A. Vittadini, A. Selloni, Phys. Rev. 
B: Condens. Matter 2001, 63, 155409. 

29. M. R. Hoffmann, S. T. Martin, W. Choiet al., 
Chem. Rev. 1995, 95, 69-96. 

30. K. Kalyanasundaram, M. Gratzel, Coord. 
Chem. Rev. 1998, 177, 347-414. 

31. M. Fujihira, Y. Satoh, T. Osa, /. Electroanal. 
Chem. 1981, 126, 277-281. 

32. M. K. Nazeeruddin, R. Humphry-Baker, 
P. Liska et al., /. Phys. Chem., B 2003, 107, 
8981-8987. 

33. M. K. Nazeeruddin, M. Gratzel, J. Pho- 
tochem. Photobiol., A 2001, 145, 79-86. 

34. T. J. Meyer, G. J. Meyer, B. W. Pfennig et al., 
Inorg. Chem. 1994, 33, 3952-3964. 

35. J. S. Kim, F. Cacialli, M. Granstrom et al., 
Synth. Met. 1999, 101, 111-112. 

36. Y. H. Liau, N. F. Scherer, K. Rhodes, /. Phys. 
Chem., B. 2001, 105, 3282-3288. 

37. C. L. Donley, Interfaces in Organic Elec- 
tronic Devices: Surface Characterization and 
Modification and Their Effect on Microstruc- 
ture in Molecular Assemblies, PhD in Chem- 
istry. 2003, University of Arizona, Tucson. 

38. C. F. Baes Jr., R. E. Mesmer, The Hydrolysis 
of Cations, John Wiley & Sons, New York, 
1976. 

39. D. C. Harris, Quantitative Chemical Analysis, 
W. H. Freeman and Company, New York, 
1999. 

40. W. F. Linke, Solubilities: Inorganic and Metal- 
Organic Compounds, D. Van Nostrand Co., 
Inc., New York, 1958. 

41. W. F. Linke, Solubilities: Inorganic and Metal- 
Organic Compounds, American Chemical 
Society, Washington D.C., 1965. 



1. 1 Modification ofTCO Electrodes through Silanization and Chemisorption of Small Molecules 


29 


42. J. J. Kirkland, J. J. B. Adams, M. A. van 

Straten et al., Anal. Chem. 1998, 70, 

4344-4352. 

43. D. F. Untereker, J. C. Lennox, L. M. Wier 
et al., J. Electroanal. Chem. 1977, 81, 309-318. 

44. P. Kirkov, Electrochim. Acta 1972, 17, 

519-532. 

45. P. Kirkov, Electrochim. Acta 1972, 17, 

533-547. 

46. C. Donley, D. Dunphy, W. J. Doherty etal., 
Molecules as Components in Electronic Devices, 
American Chemical Society, Washington, 
2003. 

47. N. R. Armstrong, V. R. Shepard, J. Elec- 
troanal. Chem. 1980, 115, 253-265. 

48. N. R. Armstrong, A. W. C. Lin, M. Fujihira 
et al., Anal. Chem. 1976, 48, 741-750. 

49. N. R. Armstrong, V. R. Shepard, J. Phys. 
Chem. 1981, 85, 2965-2970. 

50. V. R. Shepard, N. R. Armstrong, J. Phys. 
Chem. 1979, 83, 1268-1276. 

51. H. O. Finklea, R. W. Murray, J. Phys. Chem. 
1979, 83, 353-358. 

52. K. Chen, W. B. Caldwell, C. A. Mirkin, J. Am. 
Chem. Soc. 1993, 115, 1193-1194. 

53. J. Cui, Q. L. Huang, J. C. G. Veinot et al., 
Langmuir 2002, 18, 9958-9970. 

54. Q. Huang, G. Evmenenko, P. Dutta et al., J. 
Am. Chem. Soc. 2003, 125, 14704-14705. 

55. W. Li, Q. Wang, J. Cui et al., Adv. Mater. 
1999, 11, 730-734. 

56. H. Hillebrandt, M. Tanaka,/. Phys. Chem., B 
2001, 105, 4270-4276. 

57. H. Hillebrandt, M. Tanaka, E. Sackmann, J. 
Phys. Chem., B 2002, 106, 477-486. 

58. H. Hillebrandt, G. Wiegand, M. Tanaka 
et al., Langmuir 1999, 15, 8451-8459. 

59. I. Markovich, D. Mandler, J. Electroanal. 
Chem. 2000, 484, 194-202. 

60. I. Markovich, D. Mandler, /. Electroanal. 
Chem. 2001, 500, 453-460. 

61. N. L. Jeon, K. Finnie, K. Branshaw et al., 
Langmuir 1997, 13, 3382-3391. 

62. C. K. Luscombe, H. W. Li, W. T. S. Huck 
etal., Langmuir 2003 , 19, 5273-5278. 


63. D. G. Davis, R. W. Murray, Anal. Chem. 

1977, 49, 194-198. 

64. G. Zotti, G. Schiavon, S. Zecchinet al., Lang- 
muir 1998, 14, 1728-1733. 

65. J. Y. Gui, D. A. Stern, F. Lu et al., /. Elec- 
troanal. Chem. 1991, 305, 37-55. 

66. C. Carter, M. T. Brumbach, C. Donley et al., 
manuscript in preparation. 

67. M. Carrara, F. Nuesch, L. Zuppiroli, Synth. 
Met. 2001, 121, 1633-1634. 

68. W.-P. Tai, Sol. Energy Mater. 2003, 76, 65-73. 

69. T. Hoffmann, D. Wrobel,/. Mol. Struct. 1998, 
450, 155-161. 

70. P. R. Moses, R. W. Murray,/. Am. Chem. Soc. 
1976, 98, 7435-7436. 

71. P. Cuendet, M. Gratzel, M. L. Pelaprat, /. 
Electroanal. Chem. 1984, 181, 173-185. 

72. P. Cuendet, M. Gratzel, Bioelectrochem. 
Bioenerg. 1986, 16, 125-133. 

73. A. Hagfeldt, M. Gratzel, Chem. Rev. 1995, 95, 
49-68. 

74. A. Hagfeldt, S.-E. Lindquist, M. Gratzel, Sol. 
Energy Mater. 1994, 32, 245-257. 

75. T. L. Breen, P. M. Fryer, R. W. Nunes et al., 
Langmuir 2002, 18, 194-197. 

76. T. B. Carmichael, S. J. Vella, A. Afzali, Lang- 
muir 2004, 20, 5593-5598. 

77. B. Vercelli, G. Zotti, G. Schiavon et al., Lang- 
muir 2003, 19, 9351-9356. 

78. S.-Y. Oh, Y.-J. Yun, D.-Y. Kim et al., Lang- 
muir 1999, 15, 4690-4692. 

79. A. M. Yacynych, T. Kuwana, Anal. Chem. 

1978, 50, 640-645. 

80. E. L. Bruner, N. Koch, A. R. Span et al., /. 
Am. Chem. Soc. 2002, 124, 3192-3193. 

81. E. F. Bowden, F. M. Hawkridge, H. N. 
Blount, /. Electroanal. Chem. 1984, 161, 
355-376. 

82. J. L. Willit, E. F. Bowden, /. Electroanal. 
Chem. 1987, 221, 265-274. 

83. A. El Kasmi, M. C. Leopold, R. Galligan et al., 
Electrochem. Commun. 2002, 4, 177-181. 

84. A. F. Runge, S. S. Saavedra, Langmuir 2003, 
19, 9418-9424. 



30 | 7 Preparation of Monolayer Modified Electrodes 

1.2 

SAMs on Au and Ag Electrodes 

1 . 2.1 

Preparation of Self-assembled Monolayers 
(SAMs) on Au and Ag 

Uichi Akiba and Masamichi Fujihira 
Tokyo Institute of Technology, Yokohama, 
Japan 


1.2. 1.1 Introduction 

1 .2.1 .1.1 Molecular Self-assembly at Sur- 
faces Molecular self-assembly is a pro- 
cess in which an organized superstructure 
or pattern is spontaneously formed from 
an ensemble of the component molecules 
that are uncorrelated to each other in a 
liquid or gas phase [1-3]. The structure 
of molecular self-assembly can be divided 
into two types of organized systems: one 
is a system that organizes in a homoge- 
nous medium, and the other is a system 
that organizes at a heterogeneous inter- 
face. Self-assembled monolayers (SAMs) 
on substrates belong to the latter orga- 
nized system because these monolayers 
need to be supported by the surfaces of 
solid, or liquid, that is, they are members of 
a kind of supported organic monolayers [4, 
5]. Two different types of SAM adsorption 
processes on solid substrates are well char- 
acterized: all of the component molecules 
are chemically bonded one by one to the 
substrate, or they are themselves polymer- 
ized on the substrate [1], A typical example 
of the former, is a thiol-based SAM on 
gold, which involves the specific interac- 
tion of sulfur- gold coordination as the 
principal driving force for assembling the 
organosulfur compound from the solution 
or gas phase onto a gold surface [6-10]. 
For the latter instance, a silane-based SAM 


is one of the most popular SAMs for 
modifying a silicon surface covered with 
a naturally grown oxide film [7, 11, 12]. 
The essence of these self-organization pro- 
cesses is that no external intervention is 
necessary to guide the processes once the 
assembling processes start [1, 2]. 

We can synthesize various component 
molecules in which predesigned struc- 
tures are specifically coded with the rules 
necessary for the molecular assembly. This 
looks as if biomolecules in nature, such 
as DNAs or proteins, are coded by the 
structural specificity to express their func- 
tions. In the case of an alkanethiol-based 
SAM, the code is set in two structural 
parts, that is, a thiol substituent and an 
alkane chain. The thiol substituent is a 
soft binder effective to specific surfaces, 
such as gold, to which the component 
molecules can be chemically adsorbed 
from the solution or gas phase [5]. The 
alkane chain is a building block to form 
a monolayer and can serve as the struc- 
tural unit that enables the spontaneous 
organization of the tightly packed mono- 
layer through van der Waals interaction 
(or hydrophobic interaction in water) be- 
tween the alkane chains. A schematic of 
alkanethiol-based SAM structure is shown 
in Fig. 1 [1], 

1. 2. 1.1. 2 Historical Background on SAMs 

Bringing together two concepts of sup- 
ported organic monolayers and sponta- 
neous organization (or self-assembling) 
was of crucial importance for the advent of 
SAMs [6, 12-19] and also for chemically 
modified electrodes [14, 20-29]. The idea 
of forming SAM on a substrate is not new; 
it was well known in the 1940s. Around 
that time, the self-assembling of supported 
organic monolayers had already been stud- 
ied using acid/base interaction for the 
monolayer adsorption on substrates. In 
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Fig. 1 A schematic of alkanethiol-based SAM structure depicted using a 
structural model of an n-dodecanethiolate SAM (C12-SAM) on a gold (111) 
substrate [1], The definition of film thickness and tilt angle 


1946 and 1947, Zisman and coworkers 
performed the first systematic studies of 
self-assembly of monolayers of long alkane 
chains of alkylalcohols, alkylamines, and 
alkylcarboxylic acids adsorbed to sub- 
strates of glass, metal, and metal oxide [5, 8, 
30, 31]. They found that the systems were 
enabled to form spontaneously oriented 
monolayers, which have properties similar 
to the corresponding films formed by the 
Langmuir- Blodgett (L-B) techniques [9]. 
The driving force for the assembly, how- 
ever, was not strong because physisorption 
or weak bonding between the functional 
groups and the substrate surfaces was 
used in this adsorption [6, 32], There- 
fore, the supported monolayers created 
by them had low energies of adsorption 
(5-15 kcal mol -1 ), which afforded only 
modest stability similar to those formed 
by the L-B method [5, 8, 31]. Their studies 
also suggested that the interfacial proper- 
ties of SAMs, such as wetting and adhe- 
sion, could be controlled by changing the 
terminal functional groups. The difference 
was demonstrated using the change from 
methyl group to trifluoromethyl group [5, 


8, 30, 33]. These SAMs have a potential 
necessary to self-assembly, nevertheless, 
the potentiality of interest was not recog- 
nized at that time [8]. However, the idea 
of self-assembling of supported organic 
monolayers was taken over by the fol- 
lowing researchers [34-36]. Afterward, no 
rapid progress was made in the prepara- 
tion technique of SAMs, and we have had 
to await the advent of a new methodol- 
ogy for SAM formation that enables us to 
generate a wide variety of stable SAMs. 

On the other hand, we have long 
known that ordered, thermally stable or- 
ganic overlayers can be formed on a metal 
surface in vacuum by exposing a clean 
surface to a small amount of volatile 
molecules [37-39]. Hubbard etal. stud- 
ied the structure of a variety of molecules 
adsorbed on an electrode, from the stand- 
point of fundamental understanding of 
well-defined structural surfaces in vac- 
uum and at the solid-liquid interface [15]. 
As a result, evidence for the sponta- 
neous organization of supported organic 
monolayers on platinum surfaces has been 
obtained [16], although the molecules used 



32 | 7 Preparation of Monolayer Modified Electrodes 

here were not surfactants. These systems, 
however, lack variations in the functional- 
ity of molecules for controlling the surface 
structures of the overlayers, because most 
functionalities react readily with the plat- 
inum surface used as the substrate [37]. 
Platinum surfaces were used widely in 
surface science, because a number of 
molecules can be strongly adsorbed on 
the surface. Thus, the self-organization of 
a variety of organic surfaces was difficult 
as long as platinum surface was used as a 
substrate for adsorbates. 

In contrast to these systems of molecu- 
lar adsorption on metal surfaces, the L-B 
techniques can be used to fabricate the 
supported monolayers [40-42]. Although 
the order of molecules in the L-B films 
can be quite good, this is potentially a 
nonequilibrium and difficult procedure, 
which is largely restricted to polyfunc- 
tional molecules bearing only one polar 
substituent [37]. Moreover, the L-B films 
on substrates usually have no good thermal 
stability. Thus, a stable monolayer with a 
high surface-free energy is difficult to form 
with this technique [8, 37, 41, 42], 

In 1983, Nuzzo and Allara reported 
a useful technique for preparing sup- 
ported organic monolayers of disulfide- 
based molecules with a variety of func- 
tional groups [6]. This technique extended 
the previous approach in a dramatic way. 
That is, they focused on chemisorption 
based on a strong and specific coordina- 
tion bond between sulfur and gold, which 
has proved to provide a new methodology 
for spontaneous formation of supported 
organic monolayers with a variety of func- 
tional groups [6, 7, 43]. In contrast with 
the platinum surface commonly used as 
a substrate so far, a gold surface was 
recognized to be one of the least active met- 
als in the chemisorption of many organic 
molecules [6, 7]. This character, in addition 


to the inertness of the gold surface against 
polar functional groups, is extremely con- 
venient for the formation of SAMs with a 
wide variety of functional groups. The use 
of gold as a substrate is unique because, 
until that time, many studies had used 
gold only as a substrate in the experiments 
for reversible physisorption of organic 
molecules, but less for chemisorption [6, 
7, 28, 29], The specificity and stability of 
organo sulfur compounds chemically ad- 
sorbed to a gold surface are of crucial 
significance for the study of the formation 
of a variety of model SAMs and the charac- 
terization of their structure and properties 
by various physical and chemical meth- 
ods [37, 43-47]. These characteristic fea- 
tures of the sulfur- gold bond formation 
in the new type of SAMs also triggered ex- 
tensive studies by surface scientists using a 
large number of physical surface-analytical 
methods [37, 48]. The characterization of 
the structure of simple SAMs on gold is 
also an important subject for our under- 
standing of the SAMs at atomic level. 

Since the first report by Nuzzo and 
Allara [6], early researches have been con- 
cerned with the physicochemical prop- 
erties and structural characterization of 
basic alkanethiol-based SAMs on gold [37, 
43-47]. Especially, Bain and Whitesides 
focused their interests on systematic stud- 
ies of modeling organic surfaces made of 
a variety of SAMs based on (^-substituted 
long alkanethiols, X(CH 2 )„ SH with a wide 
variety of functional groups at the termi- 
nal, X [43, 44, 47]. The excellent feature of 
this system is that this model has the ease 
of preparation and the structural definition 
required to provide a firm understanding 
of interfacial phenomena [43, 44, 47]. The 
a>-substituted long alkanethiols adsorbed 
on gold, similar to the case of simple 
long alkanethiols, form densely packed, 
oriented monolayers. Consequently, they 



could explore the relationships between 
the microscopic structure of the monolay- 
ers with the variety of functional groups, 
X, at the terminal of the SAMs and their 
macroscopic properties. They studied in 
detail the relation between wettability and 
the structure of the monolayers [43, 44, 47, 
49-59]. Subsequently, similar model stud- 
ies have been extended using the SAMs on 
silver [60-62] or copper [60, 63, 64], which 
are another variable structural factor of in- 
terest for understanding the influence on 
self-ordering of SAMs. 

Many physical and chemical researchers 
have challenged the structural issues of 
SAMs formed from a gas phase in 
vacuum or a liquid phase, mainly fo- 
cusing on alkanethiol-based SAMs on 
gold [48, 65-68]. Many kinds of surface- 
analytical techniques used in vacuum and 
at the solid-liquid interface have been 
applied to the studies of SAMs, which in- 
clude ultrahigh vacuum scanning tunnel- 
ing microscopy (UHV-STM) [48, 69-71] 
and grazing incidence X-ray diffraction 
(GIXD) [48, 72]. These instruments have 
provided complementary local and nonlo- 
cal probes for structural information on 
SAMs on gold. The most important con- 
sensus established by these measurements 
is that alkanethiol-based SAMs basically 
have enough characteristics to be con- 
sidered structurally well-defined organic 
surfaces at the molecular level. 

The excellent features of SAMs on gold 
may provide an invaluable opportunity for 
the understanding of self-assembly pro- 
cess at the molecular level. As described 
above, a progressive advance has been 
made to understand in depth the static 
structure formed on gold, whereas rel- 
atively little is known on the dynamics 
of the self-assembling process on gold 
at the molecular level [73]. Accordingly, 
the understanding of growth kinetics and 
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dynamics in SAM formation processes 
on gold from the gas phase and solu- 
tion phase is essentially significant for 
the fundamental perspective. The kinetic 
experiments of SAM formation on gold 
from the gas phase (under vacuum) have 
been carried out actively by Schreiber 
etal. using diffraction techniques [48, 73, 

74], The kinetics from the solution phase 
have been carried out by Bain et al. us- 
ing ellipsometry [47]. Later, many research 
groups have studied the kinetics of SAM 
formation (more quantitatively) using vari- 
ous spectroscopic techniques [48, 75], such 
as second-harmonic generation (SHG) [76, 

77], sum-frequency generation (SFG: see 
Ye & Uosaki) [78, 79], near edge X-ray ab- 
sorption fine-structure spectroscopy (NEX- 
AFS) [80], electrochemical quartz crystal 
microbalance (EQCM: see Shimazu) [81], 
surface plasmon resonance (SPR) [82], and 
Fourier transform infrared reflection ab- 
sorption spectroscopy (FTIRRAS) [83]. 

Reaction chemistry is also one of the 
important aspects of SAMs from both fun- 
damental and application issues. SAMs 
consist of three parts. The first is a 
SAM /substrate interface, in which we have 
a basic problem regarding the reaction 
sites between organosulfur compounds 
and a gold surface to generate a sul- 
fur-gold chemical bonding. The second 
is a surrounding phase/SAM interface, in 
which a variety of reactions are possible be- 
cause we can modify the surface of SAMs 
with a variety of functional groups at the 
terminal. The interface can be used alter- 
natively to adsorb a variety of functional 
biomaterials. The third is an intermediate 
part between these two interfaces, which 
is a structural spacer at the interior of the 
monolayer. For example, if the spacer has 
a reactive structural unit of diacetylene at 
the interior part, photopolymerized SAMs 
can be prepared [84]. 
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Regarding the application issue of 
SAMs, there are a large number of sub- 
jects in which SAMs have been used 
as materials for organic functional sur- 
faces [9, 85, 86]. A wide variety of inter- 
disciplinary researches with SAMs have 
been performed since early studies by elec- 
trochemists, Taniguchi [28, 29], Hill [87], 
and Weaver [88]. These impacts have ex- 
tended the availability of SAMs into almost 
all surface sciences, including, materials 
chemistry [89-92], physical organic chem- 
istry [93-97], physical chemistry [98-101], 
biochemistry and biology [102-104], and 
of course electrochemistry [105-109]. In 
recent years, the SAM formation tech- 
niques have played a critical role in 
the understanding and controlling of 
molecular electronics [110-115], biosen- 
sor devices [116-119], and biocompatible 
materials [9, 120-123], which are being 
developed rapidly at present. 

The prominent features of the SAMs 
on gold as well-defined organic inter- 
faces provide means to be amenable to 
fundamental sciences and a variety of in- 
terdisciplinary applications, especially in 
nanoscience and nanotechnology [9]. In 
such a sense, it is understandable that 


SAMs on gold are called golden inter- 
faces [69]. 

1.2. 1.2 Preparation Techniques of 
Substrates Used for Forming SAMs 

1.2. 1.2.1 Cold as a Substrate Material 

There is a wide range of choice for sub- 
strate materials that can be used for SAM 
formation of organosulfur compounds, as 
summarized in Table 1 [86]. Among these 
materials, gold is the most frequently 
used substrate, for two reasons [9]. First, 
the melting point of gold is 1064 °C, 
which is not as high as that of plat- 
inum (1770 °C). This feature enables us 
to prepare easily a thin film of gold onto 
a flat base by physical vapor deposition 
(vacuum evaporation) [124-128], sputter- 
ing [127, 129, 130], electrodeposition [131], 
and electroless plating [132, 133]. Hand- 
made preparation of a gold single-crystal 
electrode is widely used among electro- 
chemists as described below. Further, 
the gold thin films prepared on a sub- 
strate are exceptionally useful to make 
patterns at micrometer scales by a combi- 
nation of lithographic tools and chemical 


Tab. 1 Chemical systems of organosulfur compounds and substrates that form SAMs 


Surface materials 

Substrates 

Organosulfur compounds 

Metal 

Au 

R-SH, R-SS-R, R-S-R 


A g 

R-SH 


Pt 

R-SH 


Pd 

R-SH 


Cu 

R-SH 


Hg 

R-SH 

Semiconductor 

GaAS (lll-V) 

R-SH 


InP 

R-SH 


CdSe (ll-VI) 

R-SH 


ZnSe (ll-VI) 

R-SH 

Oxide 

Tl-Ba-Ca-Cu-O 

R-SH 


ITO 

R-SH 




etchants [86, 89]. Thus, the gold thin films 
have been prepared as a substrate on which 
SAMs are deposited and characterized 
by a variety of surface-analytical instru- 
ments, including SPR spectroscopy [82, 
134-137], electrochemical-surface plas- 
mon resonance (EC-SPR) [138, 139], QCM 
[140, 141], EQCM [81, 142-145], IR- 
RAS [83, 146, 147], ellipsometry [47, 148], 
scanning tunneling microscopy (STM: 
see Itaya) [149, 150], atomic force mi- 
croscopy (AFM: see Fujihira) [150-152], 
and various electroanalytical techniques 
[106, 153-155]. Second, unlike other met- 
als, gold does not readily form an oxide 
surface and, in addition, is not contam- 
inated readily even upon exposure to the 
atmosphere owing to its inertness for ionic 
(hard) interaction [5-7, 9, 10]. This feature 
is, in particular, of importance in biologi- 
cal applications of SAMs chemisorbed on 
gold, with its biocompatibility [102, 103, 
120-123, 156] for cells and proteins. In 
fact, the cells adherent to the gold surface 
can effectively function without evidence 
of toxicity [9]. 

1 .2.1 .2.2 Preparation Method of a Flat Cold 
Surface on Mica One of the most popular 
techniques for preparing an atomically flat 
gold surface is the epitaxial growth of gold 
onto muscovite mica. The smoothness of 
the gold surface depends largely on the 
growth conditions [128]. The commonly 
used evaporation procedure of (111)- 
oriented gold surface on muscovite mica 
is as follows [124-127]: Freshly cleaved 
mica is set in a chamber of the high- 
vacuum evaporation instrument. The mica 
is baked for 12 or more hours at ~500 °C 
before gold evaporation [126]. The vacuum 
pressures are required to be 10~ 8 to 
10 -9 Torr. The gold for the evaporation 
usually requires at least 99.99% purity 
grade. The evaporation rate should be 
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0.1-0.5 nm s _1 or so, so that a size 
of (lll)-oriented terraces of more than 
100 nm 2 can be obtained. The evaporation 
with high speed tends to reduce the size 
of (lll)-oriented terraces. Temperature 
control of the mica substrate during 
gold evaporation is another important 
parameter if one needs a preferable 
gold film surface with widely spreading 
(lll)-oriented terraces [125, 126]. Chidsey 
et al. demonstrated that decreasing the 
evaporation temperature to 150 °C resulted 
in smaller plateaus surrounded by grooves 
of 5.0 to 7.5-nm depth [124]. Heating the 
mica at 300-350 °C is common during 
the evaporation. The thickness of the 
gold films is usually 100-250 nm. Thin 
gold films less than 100 nm in thickness 
have a lot of trenches of ~3-nm deep 
by which the individual domains are 
separated from each other [5]. After gold 
evaporation under these conditions, finally 
the deposited gold films are annealed 
for 12-24 hours at 300-350 °C in the 
chamber, so that the desired gold films 
with a large area of atomically flat faces 
on the surface can be obtained. Recently, 
an improved procedure for the vapor 
deposition of gold onto mica has been 
reported, where a two-step deposition 
process is performed for the formation 
of atomically flat gold thin films of 
200-nm thickness on mica [157]. The 
first 150 nm of gold film is deposited 
at a high rate of 5nms _1 , followed 
by the second 50-nm gold film at a 
rather slow rate of 0.05 nms -1 . Such 
a gold substrate prepared on mica has 
mechanical stability enough to be used 
in experiments in vacuum and in various 
liquids. It is recommended that such 
a fiat gold substrate just prepared, or 
reannealed before use, should be used to 
modify the surface with SAMs as soon as 
possible. The deterioration of the widely 
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spreading area of (lll)-oriented faces in 
the freshly prepared gold surface can be 
followed by STM. If the fresh gold films 
prepared are not used soon, these gold 
films on mica could be kept in absolute 
ethanol for preserving it from the oxidative 
atmosphere [158, 159] (see Schneeweiss 
and Rubinstein). 

1.2. 1.2. 3 Cold Substrate on Silicon Wafer 

As an alternative to mica substrate for 
preparing a gold thin film, a silicon wafer 
covered with a native oxide film has been 
used widely as a base [5, 9, 127, 130, 
131]. To improve adhesion between a sil- 
icon surface and a gold film, a titanium 
or chromium layer of 1-10-nm thick is 
used as a binder between the silicon sur- 
face and the gold film. However, it is 
believed that chromium tends to move 
more easily to the outer surface of the 
gold film, and thus it contaminates the 
gold surface. Moreover, this metal has 
a potential toxicity to cells adsorbed to 
the SAM in the application of biological 
interface [9]. As an alternative to the tita- 
nium or chromium layer, the application 
of (3-mercaptopropyl)trimethoxysilane as 
a molecular adhesive in the gold vapor 
deposition on silicon wafers or glass sub- 
strates was demonstrated by Majda [160] 
and Bard [161], and used by other re- 
searchers [162]. This technique was also 
applied to the nanotransfer printing 
method [163] (see also Sect. 1.2. 1.7. 7). 

1.2. 1.2. 4 Template-stripping Technique as 
Another Route for Preparation of Flat Cold 
Substrates This technique, first reported 
by Hegner et al., has been developed as an 
improved method for preparing a widely 
flat gold surface on mica [164, 165]. The 
basic idea is to use the first deposited 
gold layer directly in contact with the 


mica surface rather than the top surface 
of the deposited gold film as described 
in Sect. 1.2. 1.2. 2. The method is based 
on three procedures (Fig. 2): (1) epitaxial 
growth of gold on mica (the same pro- 
cedure as described in Sect. 1.2. 1.2. 2), 

(2) gluing the fresh gold surface to a piece 
of silicon wafer or glass substrate, and 

(3) chemical or consecutive mechanical 
stripping of the mica down to the freshly 
appearing gold surface [164]. Thus, this 
technique is termed a template-stripping 
technique and the obtained gold surface is 
termed a template-stripped, gold (TSG) sur- 
face. This procedure generates large areas 
of the smoothest gold surfaces known to 
date [166]. It allows not only improvement 
of the flatness of the gold surface but also 
storage of the mica/gold/silicon multilayer 
for a long period after its preparation; that 
is, after the procedure (2) is performed, the 
substrate can be stored for several months 
without loss of quality, and later the pro- 
cedure (3) is performed just before use for 
modifications with organic materials [167, 
168]. Later, various further- improved pro- 
cedures were proposed. These include the 
use of alternatives to the mica substrate in 
the procedure (1), gluing techniques in (2), 
and stripping techniques in (3). Instead of 
mica as a template of TSG, a silicon wafer 
has been used similarly [167]. In the gluing 
procedure (2), usually convenient adhe- 
sives, such as epoxy or ceramic glues have 
been used so far. These adhesives give rise 
to some problems during experiments us- 
ing the TSG substrate. One of the problems 
is caused by the limited stability against a 
variety of solvents especially when epoxy 
is used as an adhesive. The other is 
caused by out-gassing problems under ul- 
tra high vacuum (UHV), where trapped 
air bubbles and solvent pockets in these 
adhesives are not compatible [169]. Rabe 
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1 . Cleave of muscovite mica 



2. Deposition of 200-nm gold 
by thermal evaporation 
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3. Covering with epo-tek 
r 377 10 pi crrr 2 



3. Covering with epo-tek 
r 301-2 20 pi cirr 2 
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4. Glueing onto a piece 
of silicon wafer 1-2 hours 
at 150 °C 




4. Glueing onto a glass 
coverslip 3 hours at 
80 °C 


5. Removing of the mica 
by soaking in THF 


i 



5. Removing of the mica 
by soaking in THF 



Fig. 2 Typical preparation procedures of template-stripped gold surfaces supported (a) by a piece of 
silicon wafer and (b) by a glass coverslip [165], 


and coworkers developed an adhesive- 
free TSG supported on nickel. Nickel of 
200-pm thickness was deposited on the 
gold surface on mica by electroplating in 
place of a piece of silicon wafer in pro- 
cedure (2) described above [167, 170, 171]. 
Blackstock et al. recently demonstrated a 
new type of template-stripping technique 
without any adhesives in the procedure 
(2) [169]. This method is based on the gold 
cold-welding technique, which can also 
solve the conductivity problem of the TSG 
substrates produced by the conventional 
technique or Rabe’s method. This char- 
acter will be extremely important in the 


application of TSG substrates to sensors 
and electronics [169]. Improvements of the 
procedure (3), which involves the prob- 
lem relating to mechanical stress in the 
stripping step, have been demonstrated 
by several researchers. Ulman et al. re- 
ported the utilization of organothiols as 
a stripping technique. Thiols can interca- 
late between the mica and gold layer of 
the TSG, thus lowering the adhesion be- 
tween these two surfaces [166]. A more 
simple and reliable method for the strip- 
ping procedure (3) is demonstrated by 
Gooding and coworkers, in which mica 
can be removed by immersion of the 
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sample into liquid nitrogen [172]. This 
cryogenic stripping method is based on 
the difference in contraction between mica 
and gold, resulting in clean separation to 
leave large atomically flat planes, as well 
as patterned features without any change 
in substrate quality. 

TSG substrates, as explained above, have 
been extensively used as a widely flat sub- 
strate for a variety of applications. The 
availability is, at present, being rapidly 
expanded to not only physical chem- 
istry [173-176] but also biochemistry and 
biology [176-182]. In addition, the types 
of surfaces fabricated according to this 
TS technique have increased, including 
silver [171], platinum [183, 184], and tita- 
nium oxide [185]. 

1.2. 1.2. 5 Single Crystal Bead of Cold 

A handy, timesaving, and inexpensive 
method of preparation of a (lll)-oriented 
gold surface is to use a single-crystal 
gold bead [10, 186-192]. Only a gold wire 
(99.99%) with ca 1 mm in diameter and 
a Bunsen hydrogen flame is necessary to 
make a single crystal bead by crystallizing 
the end of the gold wire. The crystalliza- 
tion needs skill, but it is very easy to 
try because expensive instruments such 
as physical vapor deposition are not re- 
quired for making a single crystal bead. 
A number of atomically flat and wide 
terraces of a gold (111) face, more than 
300 nm in size, are observed by STM af- 
ter flame annealing by a hydrogen torch 
just before use. However, the area where 
we can use the (lll)-oriented gold sur- 
face for experiments is limited to a small 
facet (usually less than 0.5 mm in diame- 
ter) with a (111) face, and we have to set 
up the experiment to directly use the small 
facet only. These single-crystal techniques 
are very familiar to electrochemists as the 
so-called Clavilier method or the flame 


annealing method. Clavilier and cowork- 
ers first demonstrated with platinum the 
effectiveness of a simple preparation of 
clean and well-defined low index surfaces 
by the flame annealing method, which 
was performed by heating the platinum 
wire in a Bunsen flame for minutes [186, 
193, 194]. Later, this method was also ap- 
plied to the preparation of gold and silver 
single-crystal electrodes by Hamelin et al. 
and Motoo et al. [189, 195-198]. 

1.2. 1.2. 6 Single Crystal Cut of Cold Such 
a single crystal bead itself is not amenable 
to various measurements that require a 
larger area of flat gold surface. If neces- 
sary, one can use a single crystal gold cut 
electrode [189, 190]. The cut electrode has 
an exposed (lll)-surface prepared from 
the single crystal bead by mechanical pol- 
ishing of a (111) face that is parallel to the 
facet of the bead [196, 198]. The cut bead is 
usually 3-5 mm in diameter, and can be 
repeatedly used after removing the adsor- 
bates and doing flame annealing again. 

1. 2. 1.2. 7 Other Substrates of Interest As 

a new class of substrates for forming thiol- 
based SAMs, gallium arsenide (GaAs), the 
most prominent semiconductor alterna- 
tive to silicon, is actively studied from 
the application viewpoint [199-203]. Al- 
lara et al. demonstrated that GaAs (100) 
could provide well-ordered organic sur- 
faces of thiol-based SAMs, suggesting 
that the chemical bonds of RS— As (R = 
alkyl chain) form on the surface [199, 
200 , 202 ], 

1.2. 1.3 Preparation Techniques of 
Alkanethiol-based SAMs on Gold 

1.2. 1.3.1 Preparation from Solution Phase 

The most outstanding feature of SAMs is 
their ease of preparation. Namely, SAMs 



are easily obtained by exposing a clean gold 
surface to a 0.01-1 mM solution of the 
organosulfur compound for an adequate 
period, usually for few minutes to 1 day, 
which depends on the compound structure 
and the purpose of the SAM formation. 
If a more ordered monolayer is required 
for the experiment, the immersion for 
a longer time will be recommended as 
described later. The process of SAM for- 
mation is determined from energetics and 
kinetics for adsorption of SAM [48]. There- 
fore, it may depend on the structure of 
the organosulfur compound, its concen- 
tration of the solution, and the polarity 
and structure of solvents used. The most 
frequently used solvent is ethanol [46, 
47, 52], but SAMs can be prepared by 
using a variety of solvents, including hex- 
adecane [46, 47, 49, 52], isooctane [52, 61], 
carbon tetrachloride [47], cyclooctane [47], 
toluene [47], tetrahydrofuran [47, 49, 61], 
acetonitrile [47, 52, 61], and dimethyl- 
formamide [47]. Nonetheless, the SAMs 
generated with these solvents show al- 
most the same macroscopic behavior in 
their characteristics, such as wettability 
and thickness [44]. 

1.2. 1.3. 2 Electrode Potential Control of 
SAM Deposition Gold substrates for 
chemisorbing SAMs are a kind of elec- 
trode, so that it may be natural for us to 
assume that the electrode potentials could 
affect the formation process of SAMs. 
Studies on how an applied potential af- 
fects the SAM formation and its structures 
are of extreme importance for techniques 
of molecularly functional organization. 
These studies have been performed from 
two viewpoints: (1) the potential control 
of SAM formation process and (2) that of 
already-formed SAM structures. The stud- 
ies [204, 205] focusing on the former will 
be described here and, as for the latter, the 
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interested reader is referred to [206] (see 
also Kalciuchi). 

Recently, it has been found that the 
control of SAM formation onto gold by 
electrode potentials is effectively available 
as a SAM deposition technique. First, 
Porter and coworkers demonstrated this 
possibility by taking into account reduc- 
tive desorption and oxidative readsorption 
peaks observed in cyclic voltammograms 
of the SAM on gold [204, 205]. Stratmann 
et al. reported that octadecylthiol (C18)- 
based L (Langmuir) films formed on an 
aqueous subphase were transferred to gold 
substrates under the control of various 
electrode potentials, and compared it with 
the data on the basis of the correspond- 
ing SAM on gold [206]. When holding the 
electrode potential at slightly positive to the 
point of zero charge (pzc) of gold [192] in 
ethanol (varying between —0.3 and +0.1 V 
vs Ag/AgCl [207]), the thiol molecules were 
attracted to the gold surface through the 
chemical bond between the negatively 
charged sulfur and the substrate. Later 
they also reported that, at cathodic po- 
tentials, chemisorption of thiol molecules 
and the development of the highly ordered 
structure have slowed down significantly, 
demonstrating that the electrode poten- 
tial affects the kinetics and mechanisms of 
SAM formation on gold [207]. Ron and Ru- 
binstein [159], Ma and Lennox [208], and 
later Sumi and Uosaki [209] showed that 
the potential-assisted deposition of alka- 
nethiols on gold could lead to a faster 
deposition and ultimately more complete 
SAM formation process than the common 
SAM deposition process. In particular, 

Ma and Lennox demonstrated that this 
potential control technique for SAM for- 
mation is critically effective to deposit 
two-component mixed SAMs with various 
compositions otherwise inaccessible us- 
ing deposition under open-circuit potential 
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Fig. 3 Dependence of SAM composition on the solution composition, 
expressed as the percent HSC 15 COOH in mixed SAMs with C 16 SH. 
Current was measured at —0.3 V versus Ag/AgCI in a 2 mM 
Ru(NH 3 ) 6 CI 3 /l M KBr solution for SAMs formed by potential 
deposition (at 0.6 V for 10 minutes; open squares) and passive 
incubation (24 hours; closed circles). Lines are drawn to assist data 
visualization [208]. 


conditions, that is, the common procedure 
with no applied voltages [210, 211] (Fig. 3). 
This acceleration effect in the kinetics of 
SAM formation has recently been applied 
to the SAM formation on gold with non- 
alkanethiols, such as thioacetyl-terminated 
oligo(phenyleneethynylene)s [212, 213], 

and ferrocenyl peptide disulfides [214]. 
These findings are also very important 
for further understanding of the property 
of gold-sulfur bonding indispensable for 
SAM formation [215]. 

Another electrochemical technique ap- 
plicable for SAM formation has been 
studied in several groups. In this strategy, 
precursors of thiols must be designed in 
advance. When the precursors are used for 
SAM formation under an applied voltage, 
these are successfully transformed to the 
corresponding thiols in situ on the gold 
surface by an electrochemical reaction. 


Therefore, this method can be called 
electrochemical self-assembly on gold. First, 
Lukkari and coworkers demonstrated this 
strategy using alkyl thiosulfates (Bunte 
salts) as a precursor [216]. This tech- 
nique was immediately applied to the 
microelectrode by Ferguson et al. They 
successfully demonstrated selective SAM 
formation in specific locations on the gold 
microelectrode using this electrochemical 
method [217]. This electrochemical mech- 
anism was also discussed in detail. A 
proposed mechanism for the formation 
of SAMs on gold by electrochemical ox- 
idation of alkanethiosulfates is shown in 
Fig. 4 [218], 

1.2. 1.3. 3 SAM Deposition from Aqueous 
Micellar Solution Recently, an inter- 
esting idea for deposition techniques 
of SAM from solution phase has been 
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CH 3 (CH 2 ) n SS0 3 CH 3 (CH 2 )„SS0 3 ► CH 3 (CH 2 ) n S' + S0 3 



Fig. 4 A proposed mechanism for the formation of SAMs by oxidation of 
alkanethiosulfates at a gold [218]. 


demonstrated. It is a technique for SAM 
formation based on deposition from aque- 
ous micellar solutions. The study of this 
micelle-assisted SAM formation technique 
has been reported first by Kaifer et al. [219]. 
Afterward, this technique has been exam- 
ined in detail by Jennings et al. [220-223]. 
More recently, it has been demonstrated 
that this technique is versatile for the 
SAM formation of insoluble component, 
yielding dense, defect-free, and ordered 
SAMs [224], 

1.2. 1.3. 4 Preparation from Liquid and Su- 
percritical Carbon Dioxide A novel type 
of SAM preparation technique with liq- 
uid and supercritical carbon dioxide has 
been developed very recently by Wein- 
stein etal. [225, 226]. They have demon- 
strated that environment-friendly mixed 
solvents such as supercritical carbon diox- 
ide-ethanol can be used to control the 
properties of SAMs, such as the defect 
density by simply altering the composition 
of the mixed solvents [226]. 

1.2. 1.3. 5 Preparation from the Gas Phase 

Adsorption from the gas phase is an- 
other technique of critical importance for 
SAM formation, and is available for sur- 
face scientists, especially as a sophisticated 
deposition technique. Vapor deposition of 
adsorbates, such as alkanethiols and di- 
alkyl disulfides with less than 10 in carbon 


number, has typically been performed un- 
der UHV conditions. The SAM in UHV 
can be kept all the time in the clean 
environment inherent to the UHV con- 
dition [10]. The vapor concentration of an 
adsorbate in the UHV chamber can be 
precisely controlled through the dosage 
valve at the submonolayer level. Tempera- 
ture is also another controllable parameter, 
which is of crucial importance in the struc- 
tural characterizations of model SAMs be- 
cause thermal fluctuations of the adsorbate 
structure can be reduced by low tempera- 
ture [48]. This situation is essentially differ- 
ent from the solution deposition in which 
the adsorbate molecules are always sur- 
rounded by solvent molecules. In addition 
to these features, one more indispensable 
advantage of the UHV technique is that 
various analytical tools, such as low-energy 
electron diffraction (LEED), STM, and 
X-ray photoelectron spectroscopy (XPS), 
directly connected to the UHV chamber, 
enable us to achieve in situ analyses of 
the structure of as-prepared SAM without 
exposing it to the atmosphere [10, 48]. 

1 .2.1 .4 Structural Characterization and 
Chemical Properties of SAMs 

1. 2. 1.4.1 Structure of Alkanethiol-based 
SAMs on Gold Since Nuzzo and Al- 
lara demonstrated the idea of SAMs on 
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gold-organosulfur chemical bonding [6], 
the full-coverage structure of alkanethiol- 
based SAMs with a variety of long alkane 
chains have been thoroughly character- 
ized chiefly by using spectroscopic [37, 67, 
68], diffraction [72], and scanning probe 
microscopic [69-71, 150] methods. A com- 
prehensive survey of these results was 
reviewed recently by Schreiber [48, 65, 66]. 
Here, we bring into focus the four parts 
that are of interest in the structure of sim- 
ple alkanethiol-based SAMs (Fig. 5). The 
first is on the structure of the full coverage 
of SAMs formed on gold (111). The second 


is on the structure of the gold- sulfur bond 
that involves two structural issues: whether 
the bonding mode is alkanethiolate-gold, 
and which is the sulfur-binding site on 
a gold (111) surface, the top, bridge, or 
hollow sites. The third is on the structure 
of SAM surfaces that is organized with 
the terminal groups of the alkane chains. 
The order and orientation of the terminat- 
ing groups are of particular importance as 
these can play a critical role in determin- 
ing the macroscopic properties of organic 
surfaces, such as wetting, adhesion, lubri- 
cation, corrosion, and so on. The fourth 





(c) Upright structure 



Fig. 5 Depiction of four parts of interest in the structure of simple alkanethiol-based SAMs. 

(a) The overall structure of the full coverage of SAMs formed on gold (111), (b) The structure of 
the gold-sulfur bond which includes two structural issues: the bonding mode, 
alkanethiolate-gold or dialkyldisulfide— gold, and which is the sulfur-binding site on a gold 
(111) surface, among the top, the bridge, or the hollow sites, (c) The conformational structure 
of assembled alkane chains, (d) The structure of SAM surfaces with the terminating groups of 
the alkane chains. 
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is on the effect of intermediate backbone 1.2. 1.4. 2 Close-packed Structure of SAMs 
spacer on the SAM structure. Here, these on Cold (111) Surface Full-coverage 
structural aspects of importance for char- structure of long-chain alkanethiol-based 
acteristics of SAMs prepared on gold (111) SAMs, such as octanethiol (C8)-SAM, 
will be summarized. decanethiol (CIO)-SAM, and longer 


Gold atom 

Sulfur atom 

Approximate projected 
surface area occupied by 
each alkyl chain 


(a) Top view 


4.995 A 

4 »| 


(b) Side view 

Fig. 6 Schematics depicting from two different perspectives for the 
structural models of the arrangement of a close-packed adlattice 
structure of decanethiol-based SAM on a gold (111) surface, (a) Top 
view, presenting a hexagonal close-packed gold (111) surface (open 
circles), and the SAM overlayer of a (^3 x y/3)R30° structure with 
respect to the underlying gold (111) surface where sulfur atoms (dark 
gray circles) are assumed to be positioned in the threefold hollow sites 
of the gold (111) surface. The light gray circles with dashed lines indicate 
the approximate projected surface area occupied by each alkane chain. 
The structure of a c(4 x 2) superlattice is not presented here, and the 
formal c(4 x 2) superlattice unit cell is marked, (b) Side view, where the 
decanethiolate molecules are arranged to be packed 5 A apart with their 
alkyl chains tilted 32° from the surface normal in a trans-zigzag extended 
conformation [9, 10], 
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docosanethiol (C22)-SAM on gold (111), 
can be illustrated with two different 
perspectives (Fig. 6). The top view explains 
the structural characteristics of the full- 
coverage SAMs (Fig. 6a). The side view 
illustrates the tilted and twisted long- 
chain structures of allcanethiols, which 
are fully extended in a nearly all-trans 
conformation, and are commensurately 
ordered on a (111) oriented gold substrate 
(Fig. 6b). These structural views are 
generally accepted at present, except for 
an essentially difficult issue of sulfur- gold 
positioning. The thickness of these SAMs 
increasing linearly with chain lengths 
from 9 to 21 in carbon number has 
been measured using ellipsometry by 
Bain et al. [47]. The result provides a 
fairly good linearity between the measured 
SAM thickness and the alkanethiol chain 
lengths. Porter et al. have characterized 
the structure of a C22-SAM based 
on the average structural information 
obtained by infrared spectroscopy, optical 
ellipsometry, and electrochemistry [46]. 
Chidsey and S coles performed a more 
sophisticated analytical experiment of the 
C22-SAM cooled to below 100 K by using 
low-energy helium diffraction (LEHD), 
and demonstrated the detection of 
crystalline order of the SAM surface [227, 
228]. This crystalline order of SAM formed 
on gold (111) was previously suggested 
in electron diffraction studies by Strong 
and Whitesides [229]. The result arrived 
at by Chidsey and Scoles unambiguously 
revealed that the SAMs were closely packed 
in a hexagonal arrangement with an 
overlayer of a (^3 x ^/3)R30° structure 
with respect to the underlying gold (111) 
surface, as illustrated in Fig. 6a. This 
structure corresponds to a neighboring 
alkane-chain spacing of 0.4995 nm, as 
determined by the spacing of the sulfur 
atoms chemisorbed on the gold (111) 


surface, which means an area per alkane- 
chain molecule of 0.216 nm 2 /molecule. 
This surface density shows that there are 
4.63 x 10 14 chains cm -2 , which is roughly 
consistent with the results of tritium- 
labeling studies (~4.16 x 10 14 chains 
cm -2 ) [37]. If the chains exhibit an upright 
structure, the molecular occupied area 
is expected to be 0.184 nm 2 . The alkane 
chains, therefore, must be filled keeping 
the area per alkane -chain constant so 
that van der Walls chain-chain attractive 
interaction becomes maximum. Thus, the 
alkane chains in a SAM are forced to 
a structure tilted by arccos(0.184/0.216) 
~32° with respect to the surface normal 
(Fig. 6b), together with the trans-zigzag 
segment of an alkane chain rotated by 
~55° from the plane established by 
the chain axis and the surface normal 
vector [37, 43, 65]. These features were 
provided from IR data with Cl 6- SAM 
studied by Nuzzo et al. [7, 43]. 

1.2.1. 4. 3 Superlattice Structure of SAMs 
on Gold (111) The IR spectra also 
provided the evidence for a superlattice 
structure from the hexagonal close-packed 
structure of the C22-based SAM, that is, 
there was an unambiguous splitting of 
the methylene scissors when measured 
at 80 K [37, 43, 230, 231], Later, this 
superstructure was assigned to a c(4 x 2) 
superlattice structure, which is identified 
from several experimental results obtained 
using helium diffraction measurements 
for a C18-based SAM by Chidsey and 
Scoles and their coworkers [232] and a 
GIXD study by Fenter et al. [233]. Very 
low current detective STM was also used 
to observe the superlattice of C12-based 
SAMs by Anselmetti et al. [234] and by 
Delamarche et al. [235]. For a shorter chain 
of a C6-based SAM, it was performed by 
Bucher et al. [236], and also for a C8-based 



SAM by Poirier et al. [237]. The reason for 
exhibiting the (^3 x y/3)R30° structure 
can be explained intuitively, while the 
reason why the superlattice is produced 
is thus far not obvious. However, it is 
believed that the features responsible for 
the formation of the superlattice structure 
are located in a very thin layer of the 
gold-sulfur interface [65], 

There is an unsolved problem related to 
the gold-sulfur bond as described above. 
The reason is that it is difficult to measure 
only a very thin gold-sulfur interface. 
Moreover, as a candidate for the sulfur- 
binding site on gold (111), there are three 
types of binding sites, that is, the hollow, 
the bridge, and the top site. However, 
the energy difference between the hollow 
and bridge sites is not so large [66] that 
it makes it difficult to definitively prove 
the evidence for the binding mode even 
by using up-to-date powerful analytical 
tools [65]. Evidence that the sulfur atoms 
cannot be situated at such a single site 
but must be in a mixed arrangement is 
proposed spectroscopically using infrared- 
visible SFG by Yeganeh et al. [238]. 

1.2. 1.4. 4 SAM Surface Structure Model 
organic surfaces that SAMs can form are 
not limited to hydrophobic surfaces with 
methyl-terminating groups on alkanethiol- 
based SAMs, but can involve various 
functional-terminating groups. This fea- 
ture is the most important consequence 
obtained by developing a methodology 
of SAM-modified electrodes. We can use 
this flexible capability for SAM prepara- 
tion to understand the fundamentals of 
organic surface chemistry and to engi- 
neer new technological applications. Fol- 
lowing Dubois et al. [239], Bain et al. [44] 
comprehensively demonstrated earlier ex- 
periments on model surfaces using a 
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variety of SAMs with the functional- 
terminating groups, which were followed 
by many chemists who have made chal- 
lenges to such issues [37, 65, 240-242] 

(see also Sect. 1.2.1.11). Accordingly, or- 
der and orientation of the functional- 
terminating groups situated on top of 
the SAMs are indispensable for their 
structural specifications. Until now, there 
have been numerous experiments for sim- 
ple alkanethiol-based SAMs with methyl- 
terminating groups, indicating that these 
surfaces are highly ordered [37, 65, 228, 

230, 231, 243-245]. In parallel with this 
characterization of the methyl-terminated 
SAMs, a number of studies have been 
performed on the structures of a variety 
of functional-terminating groups on the 
SAMs. These experiments are carried out 
using analytical tools, such as IR, NEXAFS, 
XPS, GIXD, low-energy atom diffraction 
(LEAD), ellipsometry, cyclic voltammetry, 
STM, Kelvin probe technique [246, 247], 
and so on. If a functional-terminating 
group has a similar size as a methyl- 
terminating group, the order and orien- 
tation of the functional-terminated SAMs 
strongly depend on the balance between 
the two structural parameters, that is, 

(1) polarity and hydrogen-bonding charac- 
ters of the terminating groups and (2) the 
length of the alkyl chains connected to 
the terminal groups [37, 65, 71]. Recently, 
Schreiber [65] summarized these experi- 
mental results systematically. 

1. 2. 1.4. 5 Characterization of Defects by 

STM All thiol-based SAMs assembled 
spontaneously on gold have never exhib- 
ited perfect crystalline domains with single 
molecular lattice. STM is capable of ob- 
serving the appearance of local disorder or 
molecular pinholes as a real-space imag- 
ing with atomic resolution. This method 
makes it possible to characterize such local 
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molecular and mesoscale defects on the 
SAMs, particularly providing additional 
details of domain shapes and domain size 
dispersion [71]. Poirier has presented an 
excellent account in which the character- 
ization of defects of a C12-based SAM 
on gold (111) is introduced by exhibiting 
high-resolution images of domain bound- 
aries, gold vacancy islands, and molecular 
vacancies observed by low current UHV- 
STM [71]. SAMs usually result in several 
types of domain boundaries on gold, the 
typical two of which are pure orientational 
domain boundary and translational do- 
main boundary [71, 237], as well as domain 
boundary occurred because of difference 
in tilt direction (i.e. different azimuth an- 
gles) of alkanethiol-based SAMs on gold 
(111) [248]. On the other hand, gold va- 
cancy are usually observed using STM as 
single gold atom deep pit defects with a 
variety of sizes and shapes in the domains 
of SAMs on gold [71]. The pit depth is 
0.25 nm, which can be easily measured by 
STM, indicating that the pit area is also cov- 
ered with the alkanethiol monolayer [249, 
250]. In fact, the adlattice structure of 
the monolayer within a pit was confirmed 
by STM [251, 252]. The formation mecha- 
nism by which the gold vacancy is created 
at the domains of SAMs remains to be 
solved, but a possible mechanism is pro- 
vided by Poirier [71]. 

1.2. 1.4. 6 Structural Variation in the Back- 
bone Unit of SAMs Structural variations 
of alkane-chain backbone in SAMs have 
probably been examined first by Ulman 
and coworkers from fundamental view- 
points of the effect of the structural 
variations on molecular packing and ori- 
entation of the SAMs [8, 253, 254]. The 
investigation has been carried out from 
two viewpoints. One is a structure design 
to provide structural perfection of SAMs 


with few defects. The other is a structure 
design to have some advantage of the func- 
tional applications of SAMs. The flexibility 
in orientation of alkane chains tends to 
cause some defects, one of which is based 
on the boundary due to different azimuth 
angles of the tilted alkane chains on the 
gold surface [248]. Fujihira and coworkers 
succeeded in avoiding this type of defect 
by using cage molecules as a SAM com- 
ponent as shown in Fig. 7a [255]. When 
these cage structure-based disulfide com- 
pounds are chemisorbed onto gold (111) 
surfaces, STM images indicated that the 
SAM could be formed and each molecule 
was clearly discriminated at the molecular 
level. Formation of highly ordered close- 
packed structures was realized in this SAM 
with a thickness less than 1 nm (see also 
Sect. 1.2.1. 9.1). In addition, in this SAM 
a domain boundary between two tilted 
alkane-chain domains with different az- 
imuth angles cannot be seen (Fig. 7c). This 
result indicates that bicyclooctane(BCO)- 
based SAM exhibits no tilted structure, 
but a closely packed upright structure on 
gold (111) surface (Fig. 7b). Here, ordered 
2D lattice is determined mainly by the size 
of BCO spherical backbone rather than the 
commensurability of the sulfur-binding 
site to the (111) oriented gold substrate. 

The other typical example is a SAM 
formed of alkanethiols with an amide 
bond in the interior of a single alkane 
chain (Fig. 8) [256, 257]. Such a SAM has 
stability based on the lateral interaction not 
only due to van der Waals chain-chain 
interaction but also due to hydrogen- 
bonding interaction between neighboring 
amide moieties. A SAM formed from a 
mixed solution of this amide-containing 
long-chain alkanethiol with a commonly 
used alkanethiol results in the phase 
separation [258]. 
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Fig. 7 (a) The structure of BCO disulfide compound synthesized, 

and (b) the schematic side view presenting the structure of the 
BCO-SAM on gold (111), (c) Constant-current STM image of a 
20 x 20 nm 2 area of a BCO-SAM on gold (111) 

(tunneling current = 50 pA, sample bias voltage = +1 V) [255], 




Fig. 8 The structural formula of an alkanethiol compound containing an 
amide bond in the interior (a), and the schematic side view presenting 
idealized SAM structure of the amide bond-containing alkanethiol-based 
SAM (b) [256], 
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Recently, a large number of structural 
variations have been designed for their 
potential applications. In particular, ad- 
vanced studies on nonaliphatic SAMs 
have been done intensively. SAMs formed 
from thiols with the backbone structures 
of acetylenes, oligophenylenes, oligoth- 
iophenes, and so on can be used as 
an important component of molecular 
electronic devices. These examples are de- 
scribed in a separate section below (see 
also Sect. 1.2.1.10) to explain the trend of 
these SAMs briefly. 

1 .2.1 .5 Chemistry and Energetics of the 
Formation of Alkanethiol-based SAMs on 
Cold 

1.2. 1.5.1 Overall Reaction and Energetics 
of Chemical Adsorption at the Cold/Thiol 
Interface When we prepare SAMs onto 
gold substrates by the solution deposition 
method, it is not easy for us to decide the 
most suitable preparation conditions in 
terms of solvent, solution concentration 
of the component, adsorption tempera- 
ture, and immersion time. This is because 


different structures and properties of com- 
ponent organosulfur compounds them- 
selves strongly influence the energetics 
and the mechanism of the SAM forma- 
tion on the surface. Understanding the 
chemistry of SAM formation, even in the 
case of such simple models as alkanethiol- 
based SAMs, provides some clues actually 
helpful in choosing the better preparation 
conditions. Therefore, we describe here 
the fundamental issues relevant to the ad- 
sorption chemistry and energetics for the 
formation of alkanethiol-based SAMs on 
gold. 

Organosulfur compounds interactive to 
the surface of gold to form SAMs are 
listed in Fig. 9 [8]. However, here we focus 
on two types of organosulfur compounds, 
that is, alkanethiol and dialkyl disulfide, 
because these have been most intensively 
investigated so far. In addition, these two 
organosulfur compounds give indistin- 
guishable SAMs on gold when examined 
by ellipsometry and XPS, probably result- 
ing in chemisorption through the alka- 
nethiolate-gold bond [8, 10, 60, 76, 259, 
260]. Whitesides and coworkers compared 



Alkyl xanthate Dialkylthiocarbamate 

Fig. 9 Surface-active organosulfur compounds that form monolayers on gold [8]. 



SAMs formed from solution of disulfides 
with those of thiols. They also demon- 
strated that the rate of SAM formation 
from alkanethiols and dialkyl disulfides 
were indistinguishable, while the rate of 
replacement of molecules from SAMs by 
alkanethiols was much faster than that by 
dialkyl disulfides, by a factor of 50 [60, 261]. 

In the case of dialkyl disulfide, the reac- 
tion is probably a simple oxidative addition 
of the S— S bond to the gold surface [8]. In 
the case of alkanethiol, the adsorption re- 
action onto a clean gold surface may be 
considered formally as an oxidative ad- 
dition of the S— H to the gold, probably 
through the hydrogen atom on the surface, 
finally followed by a reductive elimination 
of the hydrogen [8] . The fact that SAMs can 
be prepared from gas-phase deposition in 
an environment completely free of oxy- 
gen strongly supports this overall reaction 
mechanism [8, 262, 263]. 

The bond dissociation free en- 
ergies for the chemisorption reac- 
tion process of RSH on gold are 
as follows: RS— H (87 lccal mol -1 ), 
RS— Au (— 40 kcal mol -1 ), and 1/2H-H 
(-52 kcal mol -1 ) [8, 10, 76, 264-266]. 
Consequently, free energy of this over- 
all reaction can be calculated to 
be —5 kcal mol -1 , which means this 
chemisorption reaction is an exergonic 
process. In the discussions in the litera- 
ture, there has been confusion between 
enthalpy (A H) and free energy (AG). 
This value is quite similar to that calcu- 
lated by Schlenoff et al. (—5.5 kcal mol -1 
for C18) [261]. They also estimated the 
free energy of adsorption for dioctadecyld- 
isulfide to be —24 kcal mol -1 . By mea- 
suring the temperature dependence of 
the value, Blanchard and coworlcers es- 
timated the molar enthalpy of adsorption 
(—20 kcal mol -1 ) and the entropy of ad- 
sorption (—48 cal mol -1 K -1 ) [264, 266], 
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This relatively large amplitude and nega- 
tive value of entropy apparently reflects the 
great degree of ordering that occurs as the 
alkanethiols change from randomly dis- 
tributed orientations in solution to highly 
oriented SAM lattices on the surface [10]. 

1.2. 1.5. 2 Chemisorption Energetics for 
Gold/Organosulfurs Interfaces Gold- 
organosulfur interaction involves two 
adsorption regimes, physisorption and 
chemisorption. The former interaction is 
one between the gold surface and the ad- 
sorbate, and the latter interaction is derived 
from the chemical bond between the sulfur 
head group and the gold surface. Schreiber 
et al. discussed quantitatively the compari- 
son of these interactions by taking account 
of a large variety of structures of alkanes 
and the corresponding alkanethiols [48, 

267, 268]. The physisorption energy for de- 
canethiol (CIO) on gold (~25 kcal mol -1 
(~104 kj mol -1 )) can be comparable to 
the corresponding chemisorption energy 
(~30 kcal mol -1 (~126kJ mol -1 )) due to 
the additive contributions of van der 
Waals interactions of the entire chain [48, 

267, 268], 

1.2. 1.5. 3 Stabilization of SAM Structure 
due to Alkane Chain-Chain Interaction 
within the Densely Packed Monolayers 

For densely packed monolayers of 
alkanethiol-based SAMs, the chain-chain 
interaction will become more and more 
important [48]. For decanethiol (CIO) in 
the bulk one would expect ~16 kcal mol -1 
(66 kj mol -1 ) based on the heat of 
vaporization [48]. 

1.2. 1.5. 4 Structural Effects on SAM For- 
mation and Stability The structures 
of the SAM forming components, of 
course, may have a strong effect on the 
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formation and stability of SAMs. For 
instance, the energy cost for a gauch de- 
fect in an isolated hydrocarbon chain is 
'-“0.022 eV (~0.5 kcal mol -1 ), which can 
be thermally activated at room tempera- 
ture (RT = ~0. 6 kcal mol -1 ) [48]. There- 
fore, less closely packed SAMs result in 
gauch defects of the alkyl chains, and 
inevitably influence the formation and sta- 
bility of SAMs. This is exemplified by Shon 
and Lee using uniquely designed chelat- 
ing alkanedithiols [269]. Another unique 
system related to this issue is reported 
by Fujihira and coworkers using a single 
alkane chain inserted in a rigid BCO-based 
SAM matrix [270]. 

1.2.1 .6 Growth Mechanisms of SAMs 

1.2. 1.6.1 General Profiles for SAM Forma- 
tion Process Understanding the growth 
process of SAMs as well as the energetics of 
SAM formation is of fundamental impor- 
tance for the advance in physical chemistry 
of molecular self-assembly and also for 
preparation of various structured SAMs on 
gold. The energetics of SAM formation, 
as discussed above for alkanethiol-based 
SAMs as a model case, have a direct impact 
on the growth of SAMs. 

Bain et al. first studied the kinetics of 
alkanethiol-based SAMs onto gold in the 
solution phase of ethanol by measuring 
the wettability and thickness using ex situ 
macroscopic analytical methods, that is, 
contact angle goniometry and ellipsome- 
try [8, 10, 47]. The results revealed that at 
least two distinct kinetic regimes could be 
characterized in the SAM formation pro- 
cess at the macroscopic resolution of such 
methods [8, 10, 47, 76], The first regime, 
a very fast step that proceeds within a few 
minutes and strongly depends on solution 
concentrations used in the measurements, 
can be described approximately by the 


Langmuir growth curve for adsorption. 
The second regime, a slow step in which 
final macroscopic properties of SAM were 
reached only after several hours [76], was 
described as a surface crystallization pro- 
cess. In this regime, it was presumed 
that alkyl chains get out of the disordered 
state and into ordered unit cells [8, 48]. 
Later, it was analyzed in detail that this 
slow step can be further divided into two 
processes [10]. 

Comprehensive understanding at mole- 
cular levels on the detailed growth pro- 
cesses of SAMs has been revealed using 
several in situ analytical tools [10]. The 
first regime corresponds to the adsorption 
process onto gold, in which alkyl chains 
possess a high number of gauche defects 
on the surface [10, 80, 271]. In the sec- 
ond regime, the growth of an ordered 
monolayer film follows the first regime, 
which was first identified quantitatively 
ex situ using NEXAFS [80]. Difference 
in the timescale of these two regimes 
is at least ~2 orders of magnitude [81, 
82], During the second process, alkyl 
chains are highly ordered to assemble to- 
gether. These chains straighten from the 
highly kinked conformations to the trans- 
extended zigzag conformations predomi- 
nantly [80]. A subsequent process occurs 
at a rate of 35 times slower than the chain- 
straightening process [10]. When further 
continuous self-assembly in solution pro- 
ceeds, films thicker than just monolayer 
are always formed, indicating that the ph- 
ysisorption process proceeds continuously 
onto the monolayer films [272]. Hence, the 
physisorbed adlayer produced by a proce- 
dure of a long time immersion into an 
ethanol solution has to be removed by 
rinsing with ethanol solvent after the solu- 
tion deposition procedure. Such a rinsing 
procedure with a solvent is indispensable 
for a procedure for preparing complete 



SAMs on gold surface. The fast and slow 
regimes of SAM growth onto gold in the 
solution deposition method first proposed 
by Bain et al., has now gained consensus, 
and a more detailed and comprehensive 
description on these issues is found in a 
review [10]. 

1.2. 1.6. 2 Growth Studies from the Gas 
Phase UHV technique allows precise 
control of the cleanliness of the sub- 
strate and the use of a wide range of 
surface-analytical techniques. These pow- 
erful techniques reveal information on 
the growth processes of SAMs as well as 
on their structural characterization. For 
details of these useful techniques, the in- 
terested readers are referred to the review 
by Schreiber [48]. In particular, UHV-STM 
seems to be extremely effective for un- 
derstanding comprehensibly the growth 
process at the molecular levels. The self- 
assembly mechanism of alkanethiol-based 
SAM of CIO on a gold single crystal 
(111) surface was observed by Poirier et al. 
using UHV-STM [48, 71, 273], They re- 
vealed unambiguously that the previously 
mentioned two-step process, that is, the 
fast step and subsequent slow step could 
be observed at the molecular levels. The 
fast step begins with the condensation 
of low-density crystalline islands with the 
alkanethiol molecular axes aligned paral- 
lel to the surface. The following phase 
transition results in a denser phase by re- 
alignment of the molecular axes parallel 
to the surface normal. These images are 
clearly obtained as a sequential molecular 
evolution of the SAM growth. 

1.2. 1.6. 3 Growth Studies from Solution 
Phase The most convenient preparation 
method for SAMs is the solution depo- 
sition method. In this method, it is not 
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necessary for us to use an expensive UHV 
equipment, and thus understanding of the 
SAM growth with this method is informa- 
tive for the SAM preparation. However, in 
comparison with the gas phase, the solu- 
tion method has a shortcoming regarding 
the substrate cleanliness. This situation is 
very different from the case of character- 
izing SAM structures, in which only the 
structure of the finally formed SAM re- 
quires the absence of contaminants. The 
substrate surface and solution themselves 
should be clean enough to secure no effect 
of contaminants during the timescale of 
the growth process, because strong effect 
of the contaminants on the process of the 
SAM growth is expected [48]. For a com- 
prehensive understanding of the growth of 
SAMs from solution phase, comparisons 
between the solution and the gas-phase 
deposition of SAMs are very useful and 
are summarized in table 2 of Ref. 48. The 
major difference between the two phases 
is the solvent being present in solution 
phase. Solvent molecules, depending on 
their structural characters and polar prop- 
erties, have a direct impact during the 
growth process of SAMs. Competitive ph- 
ysisorption between the sulfur compound 
and the solvent onto the gold surface 
may influence mainly the first step of the 
growth process, but the solvent effect may 
not be negligible in the succeeding steps 
toward the final structure of the SAM. 

1.2. 1.6. 4 Further Techniques for Investi- 
gating the Growth of SAMs on Gold 

Until now, numerous studies on the 
growth processes of SAM formation have 
been conducted using several instrumen- 
tal techniques. In addition to wettability, 
ellipsometry, and UHV-STM described 
above, various other techniques, such as 
SHG [76, 77], SFG [78, 79], NEXAFS [80], 
EQCM [81], SPR [82], and FTIRRAS [83], 
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have been applied to this issue. The results 
are reviewed in Refs 48, 75, 76. A unique 
technique using AFM cantilever as a sub- 
strate is recently introduced in Ref. 274. 

1 .2.1 .7 Patterned SAMs 

1.2. 1.7.1 Two Approaches for Fabricating 
Patterned SAMs: the Top-down Method and 
the Bottom-up Method Patterned SAMs, 
in which specific self-assembling compo- 
nents have a deliberate spatial distribution 
on the surface, are generated to fabri- 
cate nanoscale architectures and to provide 
well-characterized supports for physico- 
chemical and biochemical processes [86]. 
To confirm the origin of the friction 
contrast of the phase-separated domain 
between hydrocarbon (HC) and fluorocar- 
bon (FC) in L-B films described below 
(Sect. 1.2. 1.7. 2), Fujihira and Morita [275] 
prepared deliberately patterned SAM sam- 
ples having HC and FC domains by 
utilizing photolithographic and liftoff tech- 
niques. Therefore, development of tech- 
niques for tailoring such patterned SAMs 
and controlling their functions at the 
molecular level is of critical importance 
in a future technology. Toward such a 
goal, so-called nanotechnology is inten- 
sively being pursued [9, 276, 277]. If such 
a purpose could be accomplished, the fab- 
rication techniques of molecular patterns 
would provide a direct impact on the prepa- 
ration of chemically modified electrodes 
with such patterns. Generally, techniques 
for fabricating patterned structures onto a 
local surface of a substrate at the molecular 
scale are classified into two approaches. 

One is a processing technique that is 
widely recognized as a traditional pat- 
tern formation method, since it has 
been successfully applied to patterning 
semiconductor surfaces using various 


lithographic and chemical etching tech- 
niques. A wide variety of investigations 
using such a technique have also been 
extensively undertaken from the viewpoint 
of fabrication of organized molecular in- 
terfaces, in particular, in nanobiotechno- 
logical interfaces [9, 86], Such a set of tech- 
niques will be referred to as the top-down 
method for fabricating patterned SAMs. 

The other is a kind of architectural tech- 
nique that could be imagined from its 
analogy to our macroscopic world. That is, 
in our daily life, many elaborated devices 
have been made of a large number of small 
components and all buildings can be con- 
structed step by step on the foundations. 
This type of technique in nanotechnology 
is referred to as the hottom-up approach, yet 
a premature one as compared to the top- 
down approach. We have to scale down 
the macroscopic architectural technique to 
the molecular scale. The realization of the 
techniques available to molecules can be 
inspired since it has been found that nature 
has already accomplished similar tech- 
nology almost completely by using self- 
organization. Nature exquisitely architects 
many systems of predesigned nanostruc- 
tures and effectively uses lots of molecular 
devices in the systems, such as genetic 
coding and decoding systems [278], pho- 
tosynthetic reaction center systems [279], 
and so on. Therefore, this technique could 
be naturally combined with SAM materi- 
als that have a potential to make patterned 
nanostructures on various surfaces via 
molecular self-organization. 

Such studies on the two approaches will 
be briefly described here. These include 
spontaneous phase separation of mixed 
SAMs as an example of the bottom-up 
method for fabricating patterned SAMs, 
and several techniques of lithography, 
printing, and nanohandling as examples 
of the top-down method. These techniques 



are useful as methods for preparation 
of chemically modified electrodes, as 
described later. Whitesides and coworkers 
reported recent unconventional methods 
for fabricating and patterning nanostruc- 
tures [280]. Their performance and intrin- 
sic limits are summarized in tables in 
Ref. 280. 

1.2. 1.7. 2 Spontaneous Phase Separation 

Multicomponent SAMs, so-called mixed 
SAMs, are usually formed by a solution 
deposition method. The simplest case is a 
mixed SAM of two components. When a 
substrate is exposed to a mixed solution 
with two different adsorbates, both species 
adsorb on the substrate surface [86]. The 
resultant SAM is presumed to have 
domains of the two adsorbates uniformly 
mixed at the molecular level if the 
molecular features of the components 
are quite similar. On the contrary, if the 
molecular features of the components are 
quite different phase segregates may result 
in mixed SAMs. In the latter case, the two 
components are separately adsorbed on 
the surface to form domains of different 
features depending on the component 
structure and properties. 

The phase separation of SAMs has been 
characterized so far by various analytical 
techniques such as XPS, IR, ellipsom- 
etry, and scanning probe microscopes 
(SPMs). SPMs among them, in particu- 
lar, have sufficient lateral resolution and 
therefore appear the most promising for 
direct imaging of nanometer scale pat- 
terned SAMs [281]. The analysis is re- 
quired for characterizing the spatial dis- 
tribution of molecules on the 1-100-nm 
scale [281], STM is a powerful tool that 
meets the requirement [281-283]. Fric- 
tion force microscopy (FFM) is also useful 
for the purpose [284-286]. Although stud- 
ies were conducted using L-B films, 
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Guntherodt and Fujihira and their cowork- 
ers demonstrated for the first time that 
FFM can be used to image the chemical 
contrast between the phase-separated do- 
mains with a resolution of ~5 A [287, 288]. 

In FFM, both the normal and the lateral 
force were measured simultaneously dur- 
ing the scanning. 

Many studies on spontaneous phase sep- 
aration of alkanethiol-based SAMs have 
been conducted using different types 
of variation in the molecular compo- 
sition [86]. Such systems include the 
coadsorption of short and long-chain 
alkanethiols (i.e. variation of the alkyl- 
chain length) [55, 56, 62, 282, 289, 
290], molecules of similar alkane-chain 
length but with differing terminal groups 
(i.e. variation of the terminal func- 
tional group) [281], alkyl fluoroalkyldisul- 
fides [284, 291], and variation of the buried 
functional group [258]. 

1.2. 1.7. 3 Scanning Probe Lithography Us- 
ing SAMs Patterning of surfaces with 
SPMs, such as AFM and STM, has been 
explored, as the location of the probe tip 
can be placed on the surface at a specific 
set of coordinates and the resolution of 
the patterns can approach the molecular 
scale [86]. In addition to STM and AFM, 
scanning near-field optical microscopy 
(SNOM), which is also called near-field 
scanning optical microscopy (NSOM), was 
found to be useful for optical patterning of 
SAMs [292]. By controlling tip-sample sep- 
aration of SNOM by AFM [293-295], op- 
tical patterning was readily achieved [292]. 

The readers interested in near-field opti- 
cal microscopic manipulation and a local 
optical observation should be referred to 
a review article [296], Such a SPM tech- 
nique for lithography, which is referred 
to as scanning probe lithography (SPL), can 
be applied to a wide variety of functional 
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SAMs [297]. Allcanethiols can play a critical 
role in SPL on SAMs. Alkanethiols are of- 
ten called molecular inks, the idea of which 
has been already recognized as reactive 
chemical “ink” of microcontact printing 
(pCP) [9], 

The SPL on SAMs embodies several el- 
ementary procedures of molecular manip- 
ulation in molecular surface engineering. 
Gorman and his coworkers have classi- 
fied these into three types of manipulation 
procedures by SPL, that is, elimination 
lithography, addition lithography, and sub- 
stitution lithography (Fig. 10). Further, 
substitution lithography is subdivided into 
via in situ addition and via terminus mod- 
ification (Fig. 10c-l,c-2) [297]. 

An early demonstration of SPL was 
reported by Kim and Bard [298]. They 
studied an allcanethiol-based SAM of n- 
octadecanethiol (ODT) on gold using STM 
in air, and observed that the tip mechan- 
ical force induced etching of the SAM 
resulted in defect sites (pits) with di- 
ameters of 5-10 nm under a low bias 
and high tunneling current. Crooks and 
coworkers established some of the early 
considerations in STM-based elimination 
lithography of SAMs under ambient con- 
ditions [297, 299]. Later, they proposed that 
the patterning mechanism for the SPL in- 
duced removal (or deposition) of ink from 
SAMs in air was faradaic electrochemical 
in nature [297, 300, 301]. 

For the experiment under a vacuum, 
Mizutani et al. conducted a study on 
nanoscale reversible molecular extraction 
and healing of «-nonanethiol (C9)-based 
SAM on gold (111) using UHV-STM [297, 
302]. From the observations based on 
the molecularly resolved images by UHV- 
STM, it was demonstrated that by applying 
a bias voltage of 2.3-3 V to the sample, 
SAM component molecules could be 


extracted, which resulted in holes with 
diameters of 2-5 nm in the SAM [302]. 

Many investigations of elimination 
lithography, that is, localized removal of 
a SAM, have also been conducted by 
AFM [86, 297]. For instance, Liu and 
Salmeron observed that molecules could 
be displaced with an AFM tip under a 
high applied load (up to 100 nN) [86, 297, 
303]. Zhou and Uosaki employed a cur- 
rent sensitive atomic force microscopy 
(CS-AFM) for localized removal of a 
SAM [86, 297, 304, 305]. With CS-AFM, 
they could compare the topography and 
current images of the resulting pattern 
of an ODT (C18)-based SAM simultane- 
ously [297, 304, 305]. 

Substitution lithography is of extreme 
importance because this process can pro- 
vide a direct means applicable to in situ 
nanoscale surface modification on SAMs 
to create a variety of specific patterned 
SAMs. An in situ replacement of one or- 
ganic component by another in a SAM was 
reported by Chen et al. who used STM to 
replace conjugated molecules into a dode- 
canethiol (C12)-based SAM on a gold sur- 
face [297, 306]. Gorman et al. reported an 
in situ localized removal of a decanethiol 
(ClO)-based SAM and subsequent replace- 
ment by dodecanethiol molecules using 
substitution lithography under an applied 
voltage in a nonpolar dodecane solution 
of 10 mM of dodecanethiol [297, 307]. The 
use of a low dielectric, nonpolar solvent 
(dodecane, mistylene) is due to the fact 
that we can avoid the use of coated tips 
that would normally have to be employed 
to avoid a high leak current (greater than 
1 pA) from the tip into the surrounding so- 
lution [297, 307]. The mechanism of this 
removal was argued to be similar to that 
reported by Crooks et al. [297, 299]. 

Xu and Liu developed an alternating 
technique of the substitution lithography 
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Fig. 10 Schematic diagrams illustrating three types of the manipulation procedures by 
SPL [297]: (a) elimination lithography, (b) addition lithography, (c) substitution 
lithography; the substitution lithography is subdivided into via in situ addition (c-1) and 
via terminus modification (c-2). 
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using an AFM tip in a solution containing 
another thiol [297, 308]. In this method, 
SAMs can be removed by mechanical 
means using an AFM tip followed by in 
situ replacement with a second compo- 
nent. They referred to this technique as 
nanografting. Their results are reviewed 
in [309]. Further intensive investigations 
related to the application of this technique 
to the fabrication of nanometer-sized pro- 
tein and DNA patterned SAMs have been 
reported by Liu and coworkers [310-313]. 
Similarly, Porter et al. reported the investi- 
gation of approaches for the fabrication of 
protein patterns by SPL [314]. 

Addition lithography using SPMs on 
SAMs for fabrication of nanoscale pat- 
terned SAMs is extremely important as 
a technique of SPL methodologies. The 
most typical application of addition lithog- 
raphy with organothiols as ink on gold 
is well-known as dip-pen nanolithography 
(DPN) [86, 297]. We will describe this tech- 
nique in the next section. 

1.2. 1.7. 4 Dip-pen Nanolithography DPN 

was developed by Mirkin and coworkers as 
a kind of SPL (“direct write”) [86, 297, 
315, 316]. Dip-pen technology, in which 
ink on a sharp object is transported to a 
paper substrate through capillary forces, 
is approximately 4000-years old and has 
been used extensively throughout history 
to transport molecules on macroscale di- 
mensions [315]. The traditional dip-pen 
technology and DPN are analogous in 
style, but are different in scale and trans- 
port mechanism. DPN uses an AFM tip 
as a “nib (penpoint)”, a solid-state sub- 
strate as a “paper”, and molecules with 
a chemical affinity for the solid-state sub- 
strate as “ink” [315]. The fundamentals of 
DPN are intensively discussed, together 
with charming demonstrations of its ap- 
plication [297, 315-318]. The mechanism 


governing DPN is, however, still not fully 
understood [297, 319, 320]. Several im- 
provements of the DPN technique are 
also discussed, such as parallel and serial 
writing [321], and a multiple-pen nanoplot- 
ter [322]. Other researchers have demon- 
strated several optional techniques: the use 
of the tapping mode AFM rather than 
the commonly used contact mode [323], 
and the application of electrochemical 
potential to the AFM tip in the DPN 
process [324]. 

In particular, when the methodology of 
DPN is combined with that of organothiol- 
based self-assembly on a gold surface, as 
depicted in the schematic representation of 
DPN (Fig. 11), it is naturally expected that 
DPN can become an extremely powerful 
technique as a SPL tool of nanotechnol- 
ogy [315, 316]. This expectation is based on 
a conspicuous advantage of the method- 
ology of organothiol-based self-assembly 
on gold, that is, the flexible chemistry in 
respect to the terminal groups. 

DPN is used to direct “write” patterns 
consisting of a relatively small collection 
of molecules in submicrometer dimen- 
sions [315]. Mirkin and coworkers have 
pursued their investigations for fabricating 
a wide variety of patterned SAMs. Some of 
them can be used for biochemical and 
diagnostic purposes [324-329]. 

1. 2. 1.7. 5 Microcontact Printing by Use 
of Organosulfur Inks Whitesides and 
coworkers have developed a set of tech- 
niques called soft lithography that offers 
tools for micropatterning that complement 
and extend the conventional fabrication 
methods [89, 330]. They emphasize that 
the ability to control surface properties 
using SAMs is most useful when com- 
bined with spatially defined patterns. Soft 
lithography allows the creation of useful 
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Fig. 11 Schematic presentation of DPN. A 
water meniscus forms between the AFM tip 
coated with 1-octadecanethiols (ODTs) and the 
gold substrate. The size of the meniscus, which 

patterned surfaces using a combination of 
SAMs and pCP [330]. 

pCP is a method for patterning SAMs 
on surfaces which is operationally analo- 
gous to printing ink with a rubber stamp 
on paper [9, 86, 89, 330-333]. SAMs are 
formed naturally in the regions of con- 
tact between a topographically patterned 
elastomeric stamp and a bare surface of 
metal, metal oxide, or semiconductor [9, 
89] . The stamp was wetted with (or contain- 
ing dissolved) reactive chemical ‘ink’, such 
as «-alkanethiols, and other compounds 
forming SAMs. The details of the tech- 
niques can be found in the several papers 
and reviews described by the pioneers [9, 
89, 330-334]. Here, we will briefly de- 
scribe some important points of pCP for 
fabrication of patterned SAMs as well as 
the comparison between pCP and SPL. 

The technique of pCP is generally cost- 
effective because no expensive instrument 
is needed to conduct the experiment. pCP 
can be applied to many substrates, such 
as gold [331], silver [335], and copper [336]. 
pCP can also be used in the form of 


is controlled by relative humidity, affects the 
ODT transport rate, the effective tip-substrate 
contact, and DPN resolution [315], 


nonplanar surfaces, such as, curved sub- 
strates [337]. This character is, in particu- 
lar, unique [89]. The reproducibility of the 
pCP process is dependent on the stamp’s 
resistance to degradation, the replication 
accuracy of the contact pressure that is 
applied to the substrate, and registration 
with other surface features [86]. Michel 
and coworkers describe a strategy for pCP 
that uses planar, elastomeric stamps to 
print chemical patterns onto gold sub- 
strate [338]. Using STM and wettability 
measurements, they also compared dode- 
canethiol (C12)-based SAMs on gold (111) 
prepared by pCP and by the solution depo- 
sition method, and found that both the 
characteristics of these SAMs were in- 
distinguishable [339]. Using pCP, SAMs 
consisting of patterns having dimensions 
less than 0.5 pm can be routinely gener- 
ated on gold [331, 332]. Whitesides and 
coworkers described the use of SAMs as 
ultrathin resists [331-334]. Xia and White- 
sides described a number of approaches 
that have been employed to reduce the 
size of features of SAMs generated using 
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pCP [340]. Michel and coworkers reported 
a high-resolution printing technique based 
on transferring a pattern from an elas- 
tomeric stamp to a solid substrate by 
conformal contact, and described the po- 
tential for emerging micro- and nanoscale 
patterning technologies [91, 341]. 

Several new approaches using pCP have 
been reported. Patterned SAMs on gold 
can be prepared by the combination of pCP 
and the subsequent solution deposition 
methods [342]. gCP can be applied to the 
top surface of a SAM, which leads to a new 
type of lithographic approach to prepare 
patterned SAMs using a locally selective 
catalytic reaction [341, 343]. Patterning of 
proteins and cells using pCP is reported 
by Whitesides and coworkers [117, 330, 
344, 345], 

Electrostatic interaction on patterned 
SAMs fabricated using gCP are inves- 
tigated. Using pCP with two types of 
ink, that is, alkanethiols substituted with 
anionic and cationic end groups, Aizen- 
berg et al. fabricated a chemically pat- 
terned SAM with anionic and cationic 
regions [346]. On the patterned surface, 
they directly observe the process of pat- 
terned colloidal deposition and assem- 
bly, which are controlled by electrostatic 
and lateral capillary interaction. White- 
sides and coworkers have demonstrated 
the microfabrication of chemically charged 
patterned SAMs using pCP [347]. They ex- 
panded this idea to directed self-assembly 
of two oppositely charged particles on pat- 
terned electrode controlled by an applied 
electric field [348], 

As an analytical tool for such a 
chemically patterned SAM surface, pulsed- 
force-mode atomic force microscopy 
(PFM-AFM) designed by Marti and 
coworkers [349] is useful as scanning force 
microscopy with chemical recognition 
capability [350, 351] (see chemical force 


microscopy, CFM: Fujihira). Frisbie etal. 
coined a word for such an SPM, that 
is, CFM [352]. CFM was originally based 
on FFM due to its chemical recognition 
ability [287] as already described in 
Sect. 1.2. 1.7. 2. Using the force mapping 
with PFM-AFM, which maps the force 
between an AFM tip and a patterned 
sample surface just before contact (in 
noncontact) in air or in liquid, Fujihira 
and coworkers demonstrated imaging of 
a patterned surface with electrostatic 
charges with opposite signs in aqueous 
buffer solutions [350]. Before this study, 
they investigated the change of the surface 
charge on various oxide surfaces as a 
function of the pH of the solution, in 
which the oxides were dipped [353, 354]. 
They also measured the forces between a 
gold-coated tip and a gold plate in aqueous 
solutions, where electrode potentials of the 
tip and the plate were the same [355]. 

Fujihira and coworkers extended PFM- 
AFM to adhesive force mapping on a 
patterned SAM [356-358]. In this mode 
of PFM-AFM, difference in the adhesive 
force between the — CH 3 and — COOH 
terminated regions on the pCP patterned 
SAM was mapped simultaneously with its 
topographic image. To achieve the quan- 
titative analyses of the adhesive forces 
for chemical differentiation on the pat- 
terned surface by PFM-AFM, accurate 
information about the tip and substrate 
geometries [359, 360] and chemical modi- 
fication of the tip surfaces [361] as well as 
the precise environmental control, such as 
electrolyte concentrations [292, 362, 363], 
and humidity [364] are indispensable. Re- 
cently, Bohn and coworkers used PFM- 
AFM to map the adhesion force between 
an AFM tip and samples of w-substituted 
alkanethiol monolayer terminated with 
— CH 3 and —COOH prepared by gCP 



and to study electrochemically generated 
gradients [365]. 

The SPL described above is applicable 
to a variety of patterning techniques us- 
ing a small STM or AFM tip end, in 
which the placement of the tip is three 
dimensionally controlled at the nanome- 
ter scale to fabricate patterned SAMs. The 
scanning tip, here, plays a central role for 
the nanoscale fabrication. In the case of 
|iCP, a prepatterned stamp displaces the 
scanning tip, and plays a central role in 
the nanofabrication of patterned SAMs [9, 
86, 89, 330-333]. A key difference be- 
tween SPL and uCP is as follows. pCP 
can generate many features simultane- 
ously on the surface in a single step, 
whereas SPL is a serial technique that 
writes only one feature at a time [9]. This 
contrast is the same as that between 
the photomask and the SNOM tip in 
the near-field irradiation [292]. SPL has 
a patterning feature that can be deter- 
mined in situ and easily changed, whereas 
pCP requires a prepatterned stamp that 
has to be made in advance. However, 
once the stamp is available, multiple 
copies of the pattern can be produced 
using straightforward experimental tech- 
niques [89, 330-333]. Therefore, the two 
techniques are complementary to each 
other. Recently, Orden and coworkers 
demonstrated an alternative patterning 
technique, which they refer to as Single Fea- 
ture INKing and Stamping (SFINKS) [366]. 
SFINKS combines elements of DPN and 
pCP to generate patterns. Namely, in 
SFINKS multiple tips with different inks 
deposit inks to individual stamp features 
and then the different inks are transferred 
to the different locations on the substrate 
by pCP. Notably, SFINKS can pattern mul- 
tiple components with complex structures 
without cross-contamination. 


7.2 SAMs on Au and Ag Electrodes | 59 

1.2. 1.7. 6 Photolithography for Fabricating 
Patterned SAMs Lithography has long 
been developed as a common technique for 
fabricating microelectronic devices, using 
UV, electron-beam (e-beam), and Xray. 
Correspondingly, they are well known as 
UV photolithography, e-beam lithography, 
and X-ray lithography respectively [9, 275]. 

The development of photosensitive resists 
capable of replicating patterns written by 
photons or electrons with resolution below 
10 nm remains a challenge for chemistry 
and materials science [9, 275]. Patterned 
SAMs are candidates alternative to the 
polymer resist used in the techniques. 
Whitesides and coworkers [9] describe that 
two characteristics make SAMs potentially 
useful as resists for lithography: (1) they 
consist of individual molecules that oc- 
cupy areas smaller than ~0.25 nm 2 and 
(2) they are very thin (<3 nm). Here we 
will discuss UV photolithography for fab- 
ricating patterned SAMs. For modification 
of SAMs by e-beam lithography and X-ray 
lithography, the readers can refer to a re- 
cent review by Zarnikov and Grunze [367]. 

UV-photolithography can be classified 
into two methods. One is a straightforward 
method for photopatterning alkanethiol- 
based SAMs on gold and silver surfaces 
with micron-scale resolution [368-372]. 

The process underlying photopatterning 
of SAMs on gold and silver is well known 
at the phenomenological level [368, 369, 

371, 372]. Alkanethiolate formed by the 
adsorption of alkanethiols are oxidized on 
exposure to UV light in the presence of air 
to alkylsulfonates: 

Au-SR(CH 2 )„X+ 3/20 2 > 

hv 

Au+ + X(CH 2 )„S0 3 - (1) 

The mechanism of this reaction has been 
the subject of some debate, but Leggett 
and coworkers showed that oxidation can 
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occur in the absence of ozone with use 
of a UV source emitting principally at 
254 nm [373]. 

The other is the fabrication of SAMs by 
using photochemical reaction of photoac- 
tive pendant groups, as demonstrated in 
1993 by Fujihira and coworkers [292], and 
by Wrighton and coworkers [374, 375], and 
recently by Turro group [376]. 

1.2. 1.7. 7 Nanotransfer Printing of Pat- 
terned Gold Thin Films While gCP offers 
fast and low-cost approaches for pattern- 
ing flat or curved surfaces over large areas 
in a single processing step, it is generally 
subtractive in operation, that is, it typi- 
cally requires the use of sacrificial resists, 
etching procedures, or postpatterning de- 
position steps. Nanotransfer printing (nTP) 
is a purely additive printing technique that 
has nanometer resolution, which has been 
developed by Rogers and coworkers [377]. 
The method allows us to transfer metal 
films from the raised regions of a stamp 
onto various oxide surfaces. Using nTP, we 
are able to transfer the metal pattern from a 
stamp with the relief feature, which defines 
the geometry of the pattern, onto both con- 
formal (thin poly(dimethylsiloxane) film 
supported on plastic) and rigid (e.g. silicon 
wafer) substrates. They describe that us- 
ing nTP, a wide range of patterns can 
be printed in parallel with nanometer 
length scale resolution over large areas. 
This technique, in particular, is expected 
to be useful in the fabrication of the elec- 
trical components of functional organic 
transistors and complementary inverter 
circuits [377-382]. 

1.2. 1.7. 8 Other Methods The bottom-up 
approaches intrinsically have numerous 
possibilities by means of the hybridization 
of techniques compatible with each other 


for fabrication of patterned SAMs. Such 
approaches will be combined with other 
methods, such as micromachining [383, 
384], orthogonal self-assembly of elec- 
troactive monolayers [57, 385-387], en- 
zymatic nanolithography [388-390], and 
nanofabrication using a nanopipet ad- 
dressing [391]. 

1.2. 1.8 Advanced Modification Technique 
of SAMs 

1.2. 1.8.1 Protecting Groups for Unstable 
Organic Thiols When we prepare a 
SAM of chemically unstable organic thi- 
ols that are easily oxidized to the disulfide 
molecules in the air, protecting the thiol 
group is important during preparation. 
Acetyl-protected thiols are most commonly 
used for organothiols, especially for aro- 
matic and jt -conjugated thiols. Tour et al. 
have found that acetyl-protected thiols pro- 
vide an excellent method to alleviate the 
problem of isolating and using the oxida- 
tively unstable thiols [392]. They noted that 
the use of disulfides (Ar— SS— Ar) as pre- 
cursors, is impractical for the a, &>-dithiols, 
since successive oxidative oligomerization 
would generate insoluble poly (disulfides). 
The in situ deprotection immediately fol- 
lowed by the deposition of the deprotected 
sulfur compound onto gold surfaces under 
acid or alkaline condition of the solution 
would be better than the stepwise reac- 
tions of deprotection and deposition as 
the preparation method of SAMs from 
chemically unstable thiols. Moreover, they 
found that the acetyl-protected thiols can 
adsorb directly on the gold surface without 
the use of an exogenous base, although 
higher concentrations of the thioacetyl 
compounds are required than those of 
thiols [392], 

Tour and coworkers have also found a 
thiocyanate to be an excellent precursor for 



thiolate assemblies [393]. They described 
that these easily synthesized molecules can 
be assembled on gold surfaces directly in 
a variety of solvents and are an excellent 
complement to free thiol and protected 
assembly procedures. This technique is 
ideal for aromatic systems and a, a>-dithiol- 
derived molecules. Hutchison and cowork- 
ers have reported that in situ deprotection 
and assembly of S-tritylallcanethiols on 
gold yield monolayers, which are com- 
parable to those prepared directly from 
alkanethiols [394]. 

1 .2.1 .8.2 Modification Technique of SAMs 
of Dithiols The generation of organic 
surfaces terminated by specific functional 
groups is significantly important for the 
application of SAMs. The most straight- 
forward approach for obtaining such a 
SAM surface terminated by free thiol 
groups would be the use of alkanedithiols, 
HS-(CH 2 )„-SH. However, it has been 
shown that this straightforward approach 
leads to the formation of disordered, ill- 
defined alkanethiolate adlayers, with only 
a small number of free — SH groups at the 
surface of the SAM. 

Wo 11 and coworkers demonstrated that 
high-quality organothiolate adlayers ex- 
hibiting a SH -terminated surface could be 
prepared using dithiols where one of the 
thiol groups was protected by a thioester 
group [395]. After formation of the organ- 
othiolate adlayers, the protecting groups 
can be removed by immersion into a 
NaOH solution. 

1 .2.1.9 Rigid SAMs 

1.2.1 .9.1 BCO and Adamantane SAMs 

Chemical structures are among the trade- 
marks of our profession, as surely as 
chemical flasks, beakers, and distillation 
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columns [396]. Therefore, it is useful to see 
the chemical structures in terms of flexibil- 
ity or rigidity, in particular, for molecular 
design of the backbone of the compo- 
nent molecules of SAMs. Analogously, we 
are able to divide SAMs into two classes 
of flexible SAMs and rigid SAMs. Cage 
molecules, such as BCO and adamantane, 
are two typical examples of rigid hydrocar- 
bon molecules [397-401], We can adopt 
their structures into the backbone units 
of component molecules of SAMs, just 
like alkane chains in alkanethiol-based 
SAMs. This strategy was already de- 
scribed in Sect. 1.2. 1.4.6 using BCO-based 
SAMs [255]. Fujihira and coworkers also 
demonstrated that a stable adamantane- 
based SAM was formed successfully on a 
gold (111) surface [402]. Recently, Weiss 
and coworkers have also examined the 
property of a SAM using an adaman- 
tanethiol derivative [403]. The structural 
difference between the two adamantane- 
based components of the SAMs is the pres- 
ence or the absence of a methylene spacer 
connecting between a rigid adamantane 
unit and a thiol head group. Schreiber 
described that such an extra methylene 
spacer plays a critical role for removing the 
steric hindrance in the SAMs [48]. There- 
fore, such a spacer is called a geometrical 
buffer [403], 

The most important characteristics of 
these cage hydrocarbons are their higher 
boiling points than those of single alkane 
chains with similar molecular lengths. The 
difference can be interpreted by higher 
van der Waals molecule -molecule interac- 
tions of the cage hydrocarbons than those 
of the linear single alkane chains [402, 
403]. In other words, stable SAMs could 
be formed from disulfides with these 
cage hydrocarbon units in spite of their 
short molecular lengths. In addition, when 
these spherical cage components formed 
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SAMs on a gold (111) surface, the grain 
boundaries observed in the linear alkane- 
based SAMs were not observed. The result 
was rationalized by the spherical shape 
of the cage backbones, which do not re- 
quire the molecular axes to be tilted in 
the SAMs [402]. In consequence of the 
absence of the tilt, only single molecu- 
lar defects instead of the defects due to 
the grain boundaries were seen in the 
SAMs [404], The short heights allow us to 
use these organosulfur compounds for for- 
mation of SAM matrices, in which other 
thiol molecules can be inserted into the 
single molecular defects as upright single 
molecules. The single molecular electronic 
and mechanical properties were measured 
by STM and noncontact-AFM, respec- 
tively, using such systems [270, 404-410], 

As to early studies using cage com- 
pounds with thiol head groups, the readers 
are referred to Refs 411, 412. 

1.2. 1.9. 2 Cholesterol SAM Cholesterol is 
another type of rigid molecule, which is 
present widely in biological membranes. 
The studies using cholesterol-based SAMs 
were reported by Yang et al. [5, 413, 414]. 

1.2. 1.9. 3 Aromatic SAMs A different 
type of rigid molecule is the aromatic 
molecule, which exhibits rich molecular 
chemistry. The most distinct attribute of 
this structure is its electrical properties due 
to 7 t electrons. Many studies have been 
conducted using various aromatic SAMs, 
and thus, in this introductory account, 
it is impossible to take up all subjects 
of the aromatic SAMs studied by many 
researchers. Here we will describe only 
some aromatic SAMs of interest from the 
viewpoints of SAM preparation. 

The most typical family of aromatic 
SAMs is composed of a series of 


oligophenylenethiols, that is, phenyl-, 
biphenyl-, and terpheny thiols, which were 
first prepared on gold as a new family 
of SAMs by Rubinstein and co work- 
ers in 1993 [415]. After that, the struc- 
tures of SAMs of aromatic-containing 
thiols on gold or silver were charac- 
terized by Tao and co workers using 
IR [416] and STM [417]. The structure was 
also discussed using molecular dynam- 
ics simulation [418]. They revealed that 
such aromatic SAMs certainly exhibited 
a close-packed structure in a hexago- 
nal arrangement with an overlayer of a 
x *yi)R30° with respect to the under- 
lying gold (111) surface if the component 
molecule, that is aromatic thiol, has a 
methylene spacer connecting the thiol 
head group and the aromatic unit. 

Early STM investigations by other 
groups using thiosalicylic acid as a com- 
ponent molecule forming a SAM were 
reported [419]. Studies on the kinetics 
and stability of aromatic SAMs have 
been undertaken [420, 421]. After the 
early successful investigations, the fab- 
rication and characterization of struc- 
tures and properties of various aromatic 
SAMs on gold and/or silver have been 
extensively investigated using a wide va- 
riety of instruments. The families of 
terphenyl-based SAMs have been studied 
by Woll [422-425], Tokumoto and Fuji- 
hira [426-428], Zharnilcov [429, 430], and 
Terfort [431, 432] and their coworkers. 

Biphenyl-based SAMs were intensively 
investigated by Ulman and cowork- 
ers [433-439]. They first studied aromatic 
SAMs to investigate the influence of aro- 
matic units incorporated in long alkane 
chains of alkanethiol-based SAMs on 
gold [8, 41], These studies were fol- 
lowed by recent researches by Grunze 
and coworkers [440, 441]. Many other 
relevant studies have been performed 



by Zharnikov and coworkers [442, 443], 
Woll and coworkers [444, 445], and oth- 
ers [446-448]. Surface-enhanced Raman 
study of phenyl- and phenylmethyl- 
disulfides adsorbed on silver [449] were 
undertaken as early as 1982, and fol- 
lowed by the study on copper, silver, and 
gold [450], and the studies by Szafranski 
etal. [451,452], 

Nonphenyl types of aromatic SAMs are 
also the subjects of importance. The fore- 
sighted idea of fabricating bioaccessible 
interfaces of SAMs was first demonstrated 
in 1982 by Taniguchi and coworkers [29], 
Recently, this field of bio-SAMs has 
been extremely well realized in biophys- 
ical chemistry and electrochemistry [101] 
(see also Sect. 1.2.1.12.3). Several groups 
have investigated pyridinethiol-based 
SAMs [453-455] and thiophene-based 
SAMs [456], 

1.2.1.10 jr -Conjugated SAMs 

This category is defined as a structural ex- 
pansion of the aromatic SAMs described 
above, in which some aromatics, such as 
phenyl and thiophenyl, are conjugated in 
a series, or alternately conjugated with 
ethynyl or acetylene units. These SAMs 
have been intensively investigated recently 
because of their potential applications in 
molecular electronic devices [457]. The n- 
conjugated SAMs have been intensively 
investigated by Tour [392], Sita [458-461], 
Otsubo [462], and Bao [463] and their 
coworkers. 

1.2.1.11 Chemistry on SAMs 

1.2.1.11.1 Click Reaction on SAMs SAMs 
provide ideal molecularly defined bases to 
study reactions in two dimensions [464]. 
SAMs formed from allcanethiols and aro- 
matic thiols have well-ordered structures, 
and allow a wide range of functionalities to 
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be incorporated into the monolayers [465], 
although the substrates for SAMs are 
limited to a few metals such as gold 
and silver. Therefore, we can perform a 
rich chemistry on the exposed surface of 
SAMs. Love et al. described that there are 
three general strategies for engineering 
the composition of the exposed surfaces 
[9]: (1) Synthesis of functionalized thiols 
for forming single-component or mixed 
SAMs by (co-) adsorption, (2) insertion 
of synthesized thiols into defect sites of 
preformed SAMs, and (3) modification 
of the structure composition of a pre- 
formed SAM. 

Methods for modifying SAMs after their 
formation are critical for the development 
of surfaces that present the large, com- 
plex ligands, and molecules needed for 
biology and biochemistry [9]. We can see 
that there are a number of studies on 
the reactivity of SAM surfaces, for ex- 
ample, early intensive studies by Crooks 
and coworkers [466-471], and later by oth- 
ers [472-474]. Through these studies, we 
can realize that both covalent and non- 
covalent interactions (i.e. van der Waals 
interaction, hydrogen-bonding, and metal- 
ligand bonding) can generate new inter- 
faces of SAMs [9]. Here we will describe 
the recent new modification strategy, click- 
ing functionality onto exposed surfaces of 
SAMs [97]. 

This new strategy is the application 
of Sharpless “click” chemistry [475]. Coil- 
man, Devaraj, and Chidsey first applied 
this chemistry to the exposed surface of 
SAMs (Fig. 12). They demonstrated that 
this reaction proceeds completely at room 
temperature in aqueous solvent. The re- 
action is extremely specific with high 
yield, indicating that this offers a conve- 
nient method to modify well-defined elec- 
trode surfaces [97]. This reaction uses the 
formation of triazoles through the classic 
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Fluisgen 1,3-dipolar cycloaddition [9, 475], gold through cycloadditions has already 
Almost simultaneously, Choi and cowork- been demonstrated with Diels -Alder 
ers reported the reactivity of acetylenyl- chemistry [477]. Direct interfacial reac- 
terminated SAMs on gold toward “click” tions of exposed functional groups are 
chemistry, leading to the formation listed in [9]. Further, Devaraj et al. demon- 
of a similar modification as described strated this method to apply to the fabricat- 
above [476]. Functionalization of SAMs on ing oligonucleotide functional SAMs [478]. 



Fig. 12 (a) Depiction of a mixed SAM-modified oligonucleotide probe in aqueous dimethyl 

gold electrode surface before and after “click” sulfoxide solution [478]. (c) Depiction of a 

chemistry between azidoundecanethiol acetylenyl-terminated SAM on gold surface 

(inserting into the SAM) and ferrocene before and after “click” chemistry between the 

propynone (dissolving in aqueous ethanol SAM terminated with acetylenyl groups and 

solution) [97], (b) Depiction of a similar “click” 3’-azide-3’-deoxythymidine dissolving in aqueous 
reaction to (a) except for the coupling of an ethanol solution [476]. 
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Fig. 12 ( continued ). 


1 .2.1 .1 1 .2 Electrochemistry on Thiol-based surface of SAMs. As a nanoscale founda- 
SAMs Modified at Electrodes Electrode tion, SAMs themselves are also able to 
reactions consist of the combination of couple to electrochemical reaction pro- 
elementary processes, that is, electron- cesses aggressively depending on their 
transfer reaction processes between redox- structure [480]. 

active species and electrodes coupled to The field of electrochemistry on SAMs 
the preceding and/or succeeding chem- modified at electrodes have an emergent 
ical processes [479]. If these chemical possibility for accessing chemical and bio- 
processes are fast relative to the electron- logical molecules at the nanoscale through 
transfer reactions, the chemical processes the exposed surfaces of SAMs. In such 
are thermodynamically reflected in the a system, SAMs play a vital role in me- 
overall electrode reaction. If these chem- diating between electrodes and abundant 
ical processes are slow, the overall elec- chemical and biological interactions or re- 
trode reactions are kinetically character- actions generated at the surfaces. Thus, 
ized. Therefore, the electrode reaction can this system involves various issues of elec- 
express the specificity depending on the trochemical reactions coupled to chemical 
characteristics of the chemical processes and biological reaction processes [108]. 
spatially and temporally coupled to the Many experiments relevant to electro- 
electron-transfer reaction. We can take chemistry on SAMs ranging from the fun- 
advantage of this fundamental principle damentals to the applications have been re- 
of electrochemical reactions to provide ported so far. The experiments on the fun- 
a wide variety of specificity into the damental issues include electron-transfer 
nanoscale electrochemistry on the exposed model systems [88, 98, 99, 105-107, 153, 
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481-492], scanning electrochemical mi- 
croscopy [155, 493], electrochemical STM 
[493-496], ionic recognition [497], and 
biomolecular recognition [498-506]. 

The experiments for the applications in- 
clude electrochemical polymerization of 
electrically conducting polymers on the 
surfaces of SAMs [507-509], the expres- 
sion of porphyrin functions in supramolec- 
ular systems [510-518], and structural 
control of electroactive molecules on 
SAMs [519]. 

Electrochemical techniques offer attrac- 
tive approaches to the detection and 
identification of nucleic acids, a central 
activity of modern chemical biology [520]. 
High sensitivity, low costs of instrumenta- 
tion, a ready capacity for miniaturization, 
and direct electronic readout offer strong 
motivations for the development of this 
field [520]. Recently, there has been a grow- 
ing tendency toward the development of 
this technology. 

Liu and Barton have demonstrated DNA 
electrochemistry by developing method- 
ology to assemble DNA duplexes onto 
gold surfaces with SAM techniques and 
to use daunomycin as a redox reporter 
intercalating to DNA through covalent 
cross-link to guanine residues [521]. Kelley 
and coworkers have reported a nanoscale 
approach to DNA biosensing that uses 
oligonucleotide-functionalized gold nano- 
electrode ensembles coupled to electro- 
catalytic system, that is, a redox cycle 
of Ru(NH 3 ) 6 3+ /Fe(CN) 6 3- , demonstrat- 
ing that this method using the redox cycle 
amplification is extremely useful in an ul- 
trasensitive DNA detection system [522]. 

Electrochemical control is another im- 
portant technique in this field [102, 103, 
109]. Mrksich [102, 103, 523-526], White- 
sides [527], and Yang and Kwak [528] 
and their coworkers have intensively 


demonstrated the importance of electro- 
chemistry on SAMs through a series of 
interesting experimental challenges to the 
issue on electrochemically induced cou- 
pling reactions and releases of the attached 
molecules and cells. 

1.2.1.11.3 Bio-SAMs Biomaterials are of 
great importance for many medical and 
bioanalytical applications [529]. Two fam- 
ilies characterizing biointerfaces by using 
SAMs can be referred to as bio-SAMs. 
One is biofunctional SAMs, which may 
be defined as SAMs that make it possi- 
ble to interact actively with biomolecules 
and systems, such as proteins, enzymes, 
oligosaacharides, oligonucleotides, recep- 
tors biomembranes, cells, tissues, and so 
on. Early leading studies of the biofunc- 
tional SAMs were reported by several 
research groups, such as Ringsdorf and 
Knoll and their coworkers [136, 530-532], 
Plant [533], and Whitesides and cowork- 
ers [534, 535], Until now, numerous ex- 
periments have been reported for the 
functional SAMs, for instance, biofunc- 
tional proteins [524, 525, 528, 536-538], 
enzymes [116, 539], antibody [540, 541], 
oligonucleotides [520-522, 542-549], bio- 
membrane [550, 551], receptors [552], and 
cells [526, 527, 553], 

The other is the so-called biocompatible 
materials [104, 123] in a sense that these 
materials do no mischief to life and bio- 
sphere. Biocompatible SAMs are defined 
as SAMs that make it possible to inhibit 
the adsorption of nonspecific biomolecules 
and cells onto the surface. 

Oligo(ethyleneglycol) terminated alkane- 
thiol-based SAMs (OEG-SAMs) on gold is 
a well known typical example and is the 
prototype of the biocompatible SAMs. This 
type of SAMs is intriguing because we can 
realize that structural disorder and flexibil- 
ity of organized surfaces at the molecular 



level are also of extreme importance as a 
variety of functionalized surfaces. There- 
fore, we will briefly describe the course of 
development in the following text. 

Whitesides and coworkers first pre- 
pared OEG terminated alkanethiol-based 
SAMs on gold and the formation was 
characterized by XPS, contact angles, 
and ellipsometry [121]. They revealed that 
these SAMs have substantial disorder 
in the OEG-containing segment. Subse- 
quently, the studies of the adsorption of 
proteins at the model surfaces formed 
using mixed SAMs containing hydropho- 
bic (methyl-terminated) and hydrophilic 
[hydroxyl-, maltose-, and hexa(ethylene 
glycol) -terminated] alkanethiols on gold 
have been performed [120, 156]. The ki- 
netics of the adsorption of proteins 
on a variety of functional-terminated 
SAMs, containing a hexa(ethylene glycol)- 
terminated SAMs, were scrutinized us- 
ing SPR spectroscopy, demonstrating no 
protein was adsorbed on the surface 
of hexa (ethylene glycol) -terminated alka- 
nethiol SAM [554], 

OEG-SAMs are not unique in their 
ability to resist the adsorption of pro- 
teins. SAMs presenting other functional 
groups are also protein resistant, the 
data of which are shown for adsorption 
of fibrinogen and lysozyme onto single- 
component SAMs [122]. Whitesides [122] 
and Grunze [555] and their coworkers 
have focused on the mechanism of pro- 
tein resistance by OEG-SAMs. Whitesides 
and coworkers have discussed this is- 
sue by examining it on the basis of a 
survey of ~50 organic functional groups 
(X-) terminating in X-(CH 2 )„SH for the 
components of protein-resistant SAMs. 
They noted that several different types of 
X- can form the basis of surfaces that 
resist protein adsorption, and conforma- 
tional flexibility (such as OEG groups) 


1.2 SAMs on Au and Ag Electrodes | 67 

is also not a prerequisite for protein re- 
sistance of a surface [122]. Grunze and 
coworkers have systematically investigated 
protein resistance of oligoether-terminated 
SAMs on gold and silver surfaces to 
elucidate structural factors that deter- 
mine whether a SAM will be able to 
resist protein adsorption [555]. They con- 
cluded that both internal and terminal 
hydrophilicity favor the protein resistance 
of an oligoether monolayer [555]. It is also 
suggested that the penetration of water 
molecules in the interior of the SAM is 
a necessary prerequisite for protein resis- 
tance [555]. 

Whitesides and other groups have 
adopted the feature of OEG units into 
the architecture of a wide variety of 
structured surfaces relevant to biocom- 
patible SAMs as well as biofunctional 
SAMs for various targets. This strategy 
has been used for numerous experiments 
and the availability has been exempli- 
fied [102-104, 116, 117, 123, 524-527, 
556-558], 

Finally, carbohydrate modified SAMs 
can be added as a new family of bio- 
SAMs. Cell-surface carbohydrates play a 
fundamental role in important biological 
processes such as cell-cell recognition 
for adhesion or communication; the in- 
teractions of bacteria, viruses, and cancer 
cells with hosts; the working of the im- 
mune system; and the tissue growth 
and repair [559], It is now realized that 
carbohydrate -protein interactions provide 
the key to an understanding of such 
biological recognition phenomena [559]. 
Therefore, some carbohydrate-terminated 
SAMs have been prepared to use a 
model system for studies of carbohy- 
drate-protein interactions by several re- 
searchers [560-564]. The structure of such 
carbohydrate- SAMs was studied by high- 
resolution AFM [565], 
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1.2.1.12 Concluding Remarks 

The idea of supported SAMs on gold 
and the concept of chemically modified 
electrodes have naturally fused to produce 
a new field of interdisciplinary researches 
as described here, which are based on 
chemical, physical, electrochemical, and 
biological fundamentals and techniques. 
In this section, we can realize that 
such new researches stem from unique 
characteristics of SAMs on gold. These 
include the convenient techniques for 
preparation, not simple but relatively 
precise identification of structures like that 
of molecules themselves, relatively stable 
forms presenting functionalized organic 
surfaces, and the capability of variations in 
the backbone structures. 

The well-ordered structural feature of 
SAMs is available to the numerous experi- 
ments conducted so far for demonstrating 
various intriguing applications. We have 
described here only three topics, organic, 
electrochemical, and biological new ap- 
proaches, from the aspect of chemistry on 
SAMs. We have omitted another important 
topic of the preparation and applications 
in SAMs useful to studies on molecular 
electronics (molectronics-SAM), in which 
the techniques of SAM preparation are 
prerequisite to the arrangement of the ex- 
periments. 

The structural order of SAMs that we 
can certainly control at the molecular level, 
through the simple preparation principle 
of self-organization on substrates, is only 
for height direction with respect to the sub- 
strate surface and not for lateral directions 
over the two-dimensional surface. Several 
techniques described here for fabricating 
patterned SAMs are effective approaches 
to have access to the issue on the technique 
for the lateral control at the nanoscale. Ad- 
vanced organic chemical approaches are 
also intriguing as a solution, in which 


structurally unique molecular components 
themselves would serve an essential role in 
the controllable lateral order of molecules. 

Another order of SAMs, which is of a 
higher level, is the molecular order being 
present in the well-defined adlattice struc- 
tures of SAMs. This order depends on the 
underlying surface structure of the sup- 
porting substrates as well as the bulkiness 
and shape of the molecular components. 
The availability of such a molecularly or- 
dered arrangement remains the subject of 
future preparation techniques. 

On the other hand, we realized that 
SAM surfaces presenting disordered hy- 
drophilic property are extremely effective 
for fabricating practicable bio-SAMs, such 
as OEG-SAMs. This finding is also of 
importance in the fundamentals and ap- 
plications of SAMs. 

Finally, it is no exaggeration to say that 
supported SAMs can play a central role as 
a “mediator” connecting our experimental 
tools and nanoscopic phenomena. It is be- 
cause the SAMs and their preparation tech- 
niques have already been providing fruitful 
opportunities to allow us to challenge 
future technology, in particular, electro- 
chemical and biological nanotechnology. 
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1 . 2 . 2.1 Introduction 

In order to achieve modern nanotechnol- 
ogy, we must arrange molecules in order 
on a solid on a nanometer level. Previously, 
the Langmuir- Blodgett (LB) method [1, 2] 
was generally used to construct the or- 
dered molecular layers on a solid surface. 
Because the molecules are physorbed onto 
the solid surface in LB films, their struc- 
tures easily change and soon become ran- 
dom. On the other hand, the self-assembly 
(SA) technique has become one of the 
most popular methods of constructing or- 
dered molecular layers during the last 
two decades, because the self-assembled 
monolayers (SAMs) are chemisorbed onto 
the solid surface and therefore their molec- 
ularly ordered structure must be more 
stable. The SAMs of alkylthiols on metals, 
especially on gold, have been extensively 
studied because of their potential appli- 
cations in many fields, such as sensors, 
corrosion inhibition, wetting control, and 
biomolecular, and molecular electronic de- 
vices [3-5]. The SAM-modified electrodes 
play very important roles in these fields 
because we have to arrange the molecules 
in order onto the solid surface for these 
applications. Although there is another 
SAM constructed by the silane coupling 
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reaction of alkoxysilane on an oxide sur- 
face [3, 4], here we concentrate only on the 
alkylthiol SAM. 

The preparation of alkylthiol SAM on 
a solid surface, especially gold, is very 
simple. Just dipping the solid substrate 
(Au, Ag, Cu, Pt, ITO (indium tin oxide), 
etc.) in a solution containing the appro- 
priate alkylthiol derivatives allows us to 
prepare the molecular layers on the sub- 
strate surface. To arrange the molecules 
in order, however, we have to clean the 
substrate and flatten its surface on a 
molecular level before the preparation. 

For example, with gold as the substrate, 
the Au(lll) surface is generally used as a 
substrate and it should be annealed by a 
flame and be quenched both for clean- 
ing and flattening before dipping it in 
the solution. In this case, we can easily 
observe a molecular image by scanning 
probe microscope (SPM), such as a scan- 
ning tunneling microscope (STM) and 
atomic force microscope (AFM) [6-8] even 
in solution. 

Functionalization of the SAM-modified 
electrodes is also simple. We can eas- 
ily introduce functional groups into the 
SAM. There are two methods to introduce 
the functional group into the SAM. One 
is the synthesis of the alkylthiol deriva- 
tives, whose terminal group synthetically 
changes to the functional group, before 
the preparation. This method has the 
advantage that a surface with several func- 
tionalities is easily prepared just by dipping 
the substrate into the solution as described 
above, although this has the disadvantage 
that the synthesis of the alkylthiol deriva- 
tives with the functional group is rather 
difficult. The other method is a sequential 
multilayer formation. First, an alkylthiol 
SAM with a terminal group, that can eas- 
ily form a bond with a terminal group 
of other functional molecule is formed 
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on a substrate and then the functional 
molecule, which has the terminal group 
for the bond formation with the termi- 
nal group of the SAM, is synthetically 
attached to this SAM-modified surface. 
This method has the advantage that multi- 
layer formation is easy, although this has 
the disadvantage that the synthetic yield of 
such a surface reaction is usually not high 
enough to form a perfect monolayer, and 
then the thicker the multilayer, the lower 
the surface density. 

For future nanotechnology, we should 
arrange the molecules on a solid sur- 
face at a molecular level. For this pur- 
pose, as described above, the alkylthiol 
SAM with a wide variety of functionali- 
ties is a good candidate for constructing 
the elaborate molecular machinery. Thus, 
the SAMs with many functionalities have 
been extensively employed, and many re- 
search groups, including our group, have 
extensively investigated the electrochem- 
ical properties of the alkylthiol SAMs in 
detail since 1990 [2, 3, 6-46], The appli- 
cation in photoelectric devices, especially 
for the SAM-modified electrodes, is one 
of the most important fields in this re- 
search area. In this section, we focus on 
photo-induced electron transfer, control 
of electron transfer by photoisomeriza- 
tion, and application of luminescence, 
especially to sensors, regarding the pho- 
tochemical properties and review the pho- 
tochemical characteristics of the alkylthiol 
SAM-modified electrodes. 

1 .2.2.2 Photo-induced Electron Transfer at 
SAM-modified Electrodes 

Construction of a very efficient artificial 
photoelectric conversion device mimick- 
ing a natural photosynthetic system is one 
of the dreams of scientists. In natural sys- 
tems, molecules of various functionalities. 


such as a photon absorber like chloro- 
phylls and electron donors and acceptors 
like pheophytins and quinones, are well 
organized with molecular dimensions so 
that very efficient photo-induced charge 
separation and photo-induced electron 
transfer are achieved with a minimum re- 
verse electron transfer [47, 48]. Thus, it is 
of great interest to mimic the elaborate 
molecular machinery of natural systems 
for the realization of a highly efficient 
artificial photosynthetic system. This con- 
cept was first employed by Moore et al. 
and Fujihira et al., who used lipid bi- 
layer membranes [49, 50] and the LB 
films [4, 51-55], respectively, to arrange 
molecules in order. Unfortunately, the 
quantum efficiencies of these systems 
were quite low (0.4- 1.5%) [49, 50] com- 
pared with that of the natural systems 
because the molecular arrangements of 
these systems were not enough to achieve 
a highly efficient photo-induced electron 
transfer. 

We have achieved for the first time 
the construction of an alkylthiol SAM 
for an artificial photosynthetic system 
using a porphyrin-quinone-thiol cou- 
pling molecule (PQSH) as shown in 
Fig. 1(a) [56, 57]. PQSH with porphyrin 
as the photon-absorber, quinone as the 
electron relay, and thiol as the surface- 
active group was synthesized and its 
SAM was constructed on a gold sur- 
face. In an electrolyte solution containing 
methylviologen (MV 2+ ) and ethylenedi- 
aminetetraacetic acid (EDTA) as the elec- 
tron acceptor and donor, respectively, 
anodic and cathodic photocurrents were 
observed at potentials more positive and 
more negative, respectively, than the re- 
dox potential of the quinone moiety (curve 
(a) in Fig. 2), indicating that the photo- 
induced electron transfer direction can be 
controlled by the electrode potential [56]. 
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When the pH of the solution increased, in the negative direction (curves (b) and 
the redox potential of the quinone moi- (c) in Fig. 2), indicating that the photo- 
ety shifted in the more negative direction induced electron transfer direction can be 
and, accordingly, the potential depen- controlled by the pH of the electrolyte so- 
dence of the photocurrents also shifted lution [57]. 



Fig. 1 Alkylthiol and disulfide molecules with functional groups used in this section. 
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Fig. 2 Potential dependence of photocurrents of the PQSH SAM-modified gold 
electrode measured in a phosphate buffer solution containing 0.1 M 
Na 2 S0 4 + 50 mM EDTA + 5 mM MV 2+ at a pH of 3.5 (a), 4.5 (b), and 5.5 
(c) [56, 57], 


Although we could achieve the construc- 
tion of the photo-induced electron transfer 
system using the SA technique as de- 
scribed above, the quantum efficiency of 
this system is relatively low (ca. 0.3-3%), 
because PQSH has no alkyl chains and/or 
the adsorbed amount of the molecules 
is low, and therefore, the orders of the 
molecular layer was low. A novel molecule 
(Fig. lb), which has porphyrin, ferrocene, 
and thiol groups as the photoactive, elec- 
tron transport or relay, and surface binding 
groups, respectively, separated from each 
other by alkyl chains (PorFcSH) was then 
synthesized and its SAM was constructed 
on gold [58]. Ferrocene was chosen as the 
electron relay group because the electron 
transfer of this group is known to be very 
fast [38] and the alkyl chains were intro- 
duced to form a well-ordered SAM so 
that the reverse electron transfer and en- 
ergy transfer from the excited porphyrin 
to the gold electrode can be reduced. 
When the gold electrode modified with 


the SAM of PorFcSH was illuminated by 
monochromated light (430 nm) in the so- 
lution containing MV 2+ as an electron 
acceptor, a stable photocurrent flowed 
if the potential was more negative than 
+650 mV (vs. Ag/AgCl), which coincides 
with the redox potential of the ferrocene 
moiety in the PorFcSH SAM (Fig. 3). 
This stable photocurrent flowed for more 
than 3 h without any signs of deterio- 
ration. After prolonged illumination of 
this SAM-modified electrode, the color 
of the solution in front of the electrode 
changed to blue, showing that MV 2+ was 
reduced to the methylviologen cation rad- 
ical (MV + ‘). Since the redox potential 
of MV 2+ /MV+- is —630 mV, we have 
achieved the up-hill transport of electrons 
of more than 1.2 eV by visible light illumi- 
nation. The photocurrent action spectrum 
of the PorFcSH SAM-modified gold elec- 
trode matched well with the absorption 
spectrum of the PorFcSH SAM, confirm- 
ing that the porphyrin group in the SAM 
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Time 


Fig. 3 Time course of the current at the PorFcSH 
SAM-modified gold electrode held at various potentials when 
the electrode was illuminated with 430 nm pulsed light 
(40 pW cm~ 2 ; 8.7 x 10 13 photon s _1 cm~ 2 ) [58], 

really acted as a photoactive site. The quan- Imahori et al. synthesized a fullerene -por- 
tum efficiency of this system was more phyrin-ferrocene-thiol coupling mole- 
than 10%. It is demonstrated by the re- cule (FuPorFcSH, in Fig. lc), which has 
suits of the alkyl chain length dependence, two electron relay groups, such as fer- 
a structural study by angle-resolved X-ray rocene and fullerene, and porphyrin as a 
photoelectron spectroscopy (ARXPS), and photon-absorber between them, and many 
the electrode surface flatness dependence derivatives similar to it, then constructed 
that the reason for the achievement of their SAMs on gold and indium tin oxide 
this very high efficiency is the relatively (ITO) [62-71]. As a result of a comparison 
high orientation of this SAM and then the of their photocurrent generation efficien- 
reverse electron and energy transfer are cies, the highest efficiency among them 
minimized [59-61]. was achieved at 20 to 25% by the gold 

After our reports, there were a large electrode modified with the SAM of Fu- 
number of photo-induced electron trans- PorFcSH. They concluded that utilization 
fer studies using alkylthiol SAMs [62-79]. of the fullerene group with the small 
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reorganization energy satisfies the severe 
requirement for the photocurrent gener- 
ation, leading to a high efficiency even 
at the metal electrode. They constructed 
the mixed SAM with FuPorFcSH and a 
pyrene-thiol linked molecule as an an- 
tenna group to mimic the natural systems 
and achieved light harvesting with a pho- 
tocurrent generation efficiency of 0.6 to 
1.5% [72]. They also constructed the SAM 
of a fullerene-olligothiophenes linked 
molecule (Fig. Id) and observed a rela- 
tively large photocurrent [73, 74]. Ishida 
and Majima observed a much more in- 
tense photocurrent by the surface plasmon 
excitation than that provided by conven- 
tional direct photoexcitation at the SAM 
of a porphyrin-thiol linked molecule [75]. 
A ruthenium complex was also used 
as a photon-absorber [76-78]. Yamada 
et al. constructed the SAM of a ruthe- 
nium (II) tris(2,2 , -bipyridine) (Ru(bpy) 3 2+ ) 
-viologen-thiol derivative (Fig. le) on gold 
and ITO, and photocurrent generation was 
observed. A report that fullerene was used 
as a photon-absorber is also available [79]. 

There are examples of photocurrent 
observations at the multilayer-modified 


electrodes using the SAM as an underlayer. 
Reese and Fox constructed the SAM 
of a thiol-terminated oligonucleotide on 
gold and then an oligonucleotide duplex 
with a pyrene end-labeled oligonucleotide 
was constructed on its SAM-modified 
electrode (Fig. 4) [80]. They observed a 
photocurrent at this SAM -modified gold 
electrode in a solution containing MV 2+ 
as the electron acceptor. Thompson et al. 
also observed photocurrent generation at 
the photoactive multilayers constructed 
on the porphyrin SAM-modified gold 
electrode using the electrostatic interac- 
tion between a zirconium cation and 
a phosphate anion (Fig. 5) [81], Shinkai 
et al. also constructed the multilayer 
of fullerene-cationic homooxacalix[3]arene 
inclusion complex and anionic porphyrin 
polymer on an ITO electrode modi- 
fied with the SAM of a sulfonate- 
terminated thiol molecule (Fig. 6), and 
a relatively large photocurrent was ob- 
served [82], 

The alkylthiol SAM can also form on 
a semiconductor surface [83-88]. How- 
ever, it is not easy to prepare it at room 
temperature as compared with the case 
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Fig. 4 Constructed photoactive SAMs using surface-confined 
oligonucleotides 1 and 2 associated with their pyrene end-labeled 
complements 3 and 4 by Reese and Fox [80], 
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(b) ZOR ZOR PV 

Fig. 5 (a) Schematic side view of the photoactive multilayers developed by Thompson 

et al. using the molecules shown below, (b) Structures of the porphyrins and the viologen 
derivative used to construct the above multilayers [81]. 


Fig. 6 Schematic view of the 
photoactive multilayers of 
sodium 3-mercaptoethane- 
sulfonate (first layer), 
fullerene-cationic homooxa- 
calix[3]arene inclusion complex 
2 (second layer), anionic 
porphyrin polymer 3 or 4 (third 
layer) on an ITO electrode [82], 
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of the alkylthiol SAM on a metal sur- 
face. A relatively ordered monolayer of 
the alkylthiol can be prepared by heating 
the solution containing the appropriate 
alkylthiol and simultaneously by dipping 
the semiconductor substrate in it for sev- 
eral hours. Gu and Waldeck constructed 
the M-InP semiconductor electrode mod- 
ified with the SAMs of «-alkylthiols hav- 
ing several different alkyl chain lengths 
and observed the photocurrent [84-88]. 
They investigated the alkyl chain length 
dependence on the photocurrent and 
demonstrated that the studies of the 
photocurrent versus chain length of the 
alkylthiols can be used to examine how the 
electron transfer rate constant depends on 
the thickness of the insulating layer. They 
suggested that of particular interest is the 
ability of the alkylthiol SAM -modified elec- 
trodes to probe the distance dependence of 
the electronic coupling. The principles of 
the photocurrent generation at the semi- 
conductor electrodes were well studied and 
summarized in the literature [89-92]. 

1 .2.2.3 Photo-induced Electron Transfer at 
Electrodes Modified with SAM-covered 
Nanocluster Layers 

Since Brust et al. reported that the gold 
nanoclusters, whose surfaces were covered 
with the alkylthiol SAMs, are stable and 
easy to introduce to functional groups by 
a place-exchange method [93-95], many 
studies on photo-induced electron trans- 
fer using alkylthiol SAM-modified metal 
or semiconductor nanoclusters were re- 
ported [96-111]. Yamada et al. observed 
the photocurrent at the ITO electrodes 
modified with the multilayer of gold 
nanoclusters and porphyrin-tetraalkylthiol 
molecules (Fig. 7) [96]. Imahori et al. in- 
vestigated the photophysical properties 
of gold nanoclusters modified with 


the SAM of a porphyrin-thiol coupling 
molecule [97, 98] and observed a pho- 
tocurrent at the SnC >2 electrode mod- 
ified with electrophoretically deposited 
layers of gold nanoclusters, whose sur- 
face is covered with the mixed SAMs 
of porphyrin-thiol and fullerene-thiol cou- 
pling molecules [99]. Li et al. also observed 
a photocurrent at the gold electrode mod- 
ified with electrostatically deposited layers 
of gold nanoclusters, whose surface is cov- 
ered with the SAM of a porphyrin -viologen 
coupling molecule [100]. 

For the gold electrode modified with 
the semiconductor nanocluster layers, a 
unique preparation procedure is em- 
ployed. First, semiconductor nanoclusters, 
which are covered with the surfactant 
sodium bis(2-ethylhexyl) sulfosuccinate 
(Aerosol OT, AOT), were prepared in 
reverse micelles [101]. After this the dithiol 
SAMs were prepared on the gold surface, 
and then the layers of the semiconduc- 
tor nanoclusters were prepared by dipping 
the dithiol SAM-modified gold in a nan- 
ocluster dispersion (Fig. 8) [102-108]. It 
was confirmed by XPS that the termi- 
nated thiol group, which is not connected 
with the gold, in the dithiol SAMs on 
gold is covalently bonded to the surface 
atoms of the semiconductor nanoclus- 
ters [102] and, as a result, the SAM forms 
on the semiconductor nanocluster surface. 
Relatively large photocurrents were ob- 
served at the gold electrodes modified with 
many kinds of semiconductor nanoclus- 
ters, such as CdS [103-106], ZnS [105], 
PbS [107], and CdSe [108], which were pre- 
pared by the above procedures shown in 
Fig. 8. There is an interesting preparation 
method by which the tellurium nanoclus- 
ters were electrochemically deposited on 
the gold electrodes modified with the 
SAMs of molecular templates, whose ter- 
minal group is f -cyclodextrin [109]. Woo 
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Fig. 7 Schematic illustration for the fabrication of multilayer assemblies; 
(P/Au)„P/ITO (n = 0,3,6 9) and (Au/HD) 9 /ITO [96], 


Fig. 8 Schematic illustration of binding 
of the CdS nanoclusters from reverse 
micelles onto gold via dithiol and the 
formation of alternating layer-by-layer 
structure: (a) dithiol SAM on a gold 
substrate (Au-dt); (b) CdS nanoclusters 
attached on the SAM (Au-dt-CdS); 

(c) adsorption of dithiol layers on CdS 
nanoclusters (Au-dt-CdS-dt); 

(d) formation of a second 
CdS-nanocluster layer 
(Au-dt-CdS-dt-CdS). Each component is 
drawn in size according to the 
estimation from experimental 

results [102], 


(a) Au-dt (b) Au-dt-CuS 



(c) Au-dt-CdS-dt (d) Au-dt-CdS-dt-CdS 
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: S0 3 -CdS nanocluster 
I Substrate 


PAH in water 
for 5 min 



Fig. 9 Preparation procedures of CdS 
nanoclusters/PAH multilayers by the 
alternate two-step dip of the substrate 
into aqueous solutions containing CdS 
nanoclusters and PAH [111]. 


Substrate 


S0 3 -CdS in water 
for 5 min 




Substrate 


Repeat steps 





Substrate 


et al. observed a photocurrent at this mod- 
ified gold electrode. 

Another method was also employed to 
construct the multilayers of the alkylthiol 
SAMs-covered nanoclusters on the elec- 
trode surface [27-30, 110, 111]. Multilay- 
ers of the semiconductor nanoclusters 
covered with the alkylthiol SAMs, whose 
terminated groups are the charged groups, 
can be constructed on the basis of an 
electrostatic interaction (Fig. 9). Relatively 
large and stable photocurrents were ob- 
served at this electrode and photoelectro- 
chemical properties of the semiconductor 
nanoclusters were discussed on the basis 
of quantum size effect [109, 110]. 

1.2. 2. 4 Electron Transfer Controlled by 
Photoisomerization at SAM-modified 
Electrodes 

Azobenzene is one of the most pop- 
ular groups to photoisomerize with 


a structural change and was often 
used even for the alkylthiol SAM- 
modified electrodes [112-124]. Introduc- 
ing this group into the SAM-modified 
electrodes allows us to construct a 
photo-switching system. Mirkin et al. syn- 
thesized the ferrocene-azobenzene-thiol 
linked molecule (FcAzSH) shown in 
Fig. 10(a) and achieved a photon-gated 
electron transfer at the gold electrode mod- 
ified with the mixed SAMs of FcAzSH 
and an azobenzene-thiol linked molecule 
(Fig. 11) [112]. The electron source of 
this photon-gated electron transfer is 
ferrocyanide in the electrolyte solution. 
Figure 12(a) shows the cyclic voltammo- 
gram (CV) of the gold electrode modified 
with the SAM of a ris-azobenzene-thiol 
molecule (ris-AzSH). For the ris-form of 
the SAM-modified gold electrode, no peaks 
due to the redox of ferrocyanide in the 
solution were observed. After doping of 
FcAzSH in the ris-form SAM, only the re- 
dox peaks due to ferrocene fixed in the 
mixed SAM were observed (Fig. 12b). It 
is noted that no redox species such as 
ferrocyanide were contained in this case. 
After the addition of ferrocyanide to the 
solution, however, a catalytic current due to 
the oxidation of ferrocyanide was observed 
(Fig. 12c) around the redox potential of 
ferrocene, showing that ferrocene fixed in 
this mixed SAM plays the role of a catalyst. 
After photo-irradiation, reversible peaks 
due to the redox of both ferrocene fixed 
in this mixed SAM and ferrocyanide in the 
solution were observed (Fig. 12d). These 
electrochemical and photoelectrochemical 
behaviors showed that they achieved a 
photon-gated electron transfer. 
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Fig. 10 Alkylthiol molecules 
with functional groups used in 
this section. 



FcAzSH 


(b) 



O-(CH 2 ) 10 -SH 


0 2 N^r>N 

Fe 

(c) 0^(CH 2 ) 6 -SH 

AzFcSH 




Fig. 11 Schematic illustration of control of electron transfer by 
photo-irradiation at the FcAzSH SAM-modified gold 
electrodes [112], 


Fujishima et al. found interesting elec- LB films of the azobenzene deriva- 
trochemical properties at the gold elec- tives [125-129], The reduction potential 
trode modified with the SAM of the of ris-azobenzene to hydrazobenzene is 
azobenzene-thiol linked molecule shown much more positive than that of the 
in Fig. 10(b) [115-117] and with the trans-form. They also showed that reduced 
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Fig. 12 CVs for (a) a pure c/s-AzSH 
SAM in the absence of light and in the 
presence of 0.5 mM l< 4 Fe(CN) 6 ; (b) the 
c/s-AzSH SAM after doping it with 1% 
FcAzSH (no l< 4 Fe(CN) 6 ); (c) the 
two-component SAM (1:99= FcAzSH: 
c/s-AzSH) after addition of 0.5 mM 
l< 4 Fe(CN )6 to the cell; (d) the 
two-component SAM, in the presence of 
0.5 mM l< 4 Fe(CN) 6 , after irradiation 
with >400 nm light for 1 h. The 
geometric area of the working electrode 
was 0.21 cm 2 . The electrolyte used in all 
of the above experiments was 0.2 M 
NaCI 04 . Scan rate =100 mV s' 1 [112]. 


-0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6 

Potential vs. Ag/AgCI (V) 



hydrazobenzene is electrochemically ox- 
idized only to trans - azobenzene around 
+200 mV (vs. Ag/AgCl), even if the orig- 
inal form is the ris-form. Using this 
phenomenon, we can control the charge 
transfer rate at the gold electrode mod- 
ified with the SAM of the azoben- 
zene-ferrocene-thiol linked molecule 
(AzFcSH) shown in Fig. 10(c) [118]. In a 
CV of the gold electrode modified with 
the SAM of 100% trans-form AzFcSH 
(Fig. 13a), only a pair of waves due to 
the redox of ferrocene in the potential 
range between 0 and +750 mV appeared 
and did not change shape after the po- 
tential scan or UV irradiation. The CV of 
gold modified with the SAM of 20% cis- 
and 80% trans - forms AzFcSH (Fig. 13b), 
which was prepared from the solution 
containing AzFcSH after UV irradiation, 
also showed that only the redox peaks due 
to ferrocene were observed in the poten- 
tial range between +200 and +750 mV. 


When the potential was scanned to 0 mV, 
a pair of waves due to the redox of the 
azobenzene moiety appeared, in addition 
to that of ferrocene in the first potential 
scan (solid line in Fig. 13c). The wave due 
to the redox of azobenzene, however, dis- 
appeared, and the redox potential and the 
peak separation of the redox wave due 
to ferrocene became more negative and 
smaller, respectively, in the second scan 
(dotted line in Fig. 13c). The redox poten- 
tial and the peak separation returned to the 
original values after UV irradiation. These 
changes in the electrochemical character- 
istics of the latter electrode were reversible. 
On the basis of the structural analysis 
results by in situ Fourier-transform in- 
frared reflection absorption spectroscopy 
(FT-IRRAS), we concluded that the elec- 
trochemical properties, that is, the redox 
potential and the charge transfer rate, of 
the ferrocene group in the SAM-modified 
gold electrode can be reversibly controlled 
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(c) Potential/mV vs. Ag/AgCI 

Fig. 13 CVs of (a) the 100% trans-AzFcSH SAM-modified gold electrode measured in 
the potential range between 0 and +750 mV; (b) the 20% cis- and 80% trans - AzFcSH 
SAM-modified gold electrode measured in the potential range between +200 and 
+750 mV. (c) The first scan (solid line) and second scan (dotted line) of the CVs of 
the 20% cis- and 80% trans - AzFcSH SAM-modified gold electrode measured in the 
potential region between 0 and +750 mV. Note that the potential scan was started 
from +200 mV in the positive direction. The electrolyte and scan rate in all of the 
above experiments were 0.1 M HCIO 4 and 50 mV s -1 , respectively [1 1 8], 


by electro- and photochemical structural 
conversions between the cis- and trans- 
forms of the azobenzene moiety in the 
SAM (Fig. 14). 

Spiropyran/merocyanine photoisomer- 
ization was also used at the alkylthiol SAM- 
modified gold electrodes to gate /ungate 
electron transfer [130-133]. Willner et al. 
constructed a spiropyran/merocyanine- 


terminated SAM-modified gold electrode 
using the synthesized y S-l-[3,3-dimethyl-6 / - 
nitrospiro- (indoline-2 ,2 ' -2 H -benzopyran)] 
propionic acid (Fig. lOd) and the amine- 
terminated alkylthiol SAM (Fig. 15). Using 
this SAM, they achieved photo-switchable 
on/off bioactivities. Figure 16 shows an 
example of their photo-switchable on/off 
bioactivity systems (redox of cytochrome c) 
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$ 
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N 
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Potential scan 
to 0 mV 


UV irradiation 


Fig. 14 Schematic illustration 
at the interface (a) between the 
100% trans - AzFcSH 
SAM-modified gold electrode 
and the electrolyte solution 
containing perchlorate anions 
and (b) between the 20 % c/s- 
and 80% trans - AzFcSH 
SAM-modified gold electrode 
and the electrolyte solution 
containing perchlorate anions 
before the potential scan to 
0 mV [11 8], 




using this SAM -modified electrode [131]. 
In this case, they used the mixed SAM of 
spiropyran /merocyanine-terminated and 
4-pyridine thiol. 

In addition to the photoisomerization 
of the azobenzene and spiropyran/mero- 
cyanine system, (pyridylazo)benzene [134], 
stilbene [135], and diarylethene [136] were 
used as the photoisomerization group 
in the alkylthiol SAM -modified elec- 
trodes. 

1 .2.2.5 Application of Luminescence from 
SAM-modified Electrodes 

Luminescence from the SAM -modified 
electrodes has been extensively studied. 
Fox and Wooten constructed the SAM 
of an anthracene-thiol linked molecule 
(Fig. 17a), measured the luminescent in- 
tensity and FT-IR spectrum of the SAMs, 


and investigated dimer formation of the 
anthracene moiety in this SAM [137]. Guo 
et al. constructed the photoactive and elec- 
trochemical active myoglobin protein layer 
on gold electrodes modified with the 
SAMs of metalloporphyrin-thiol linked 
molecules (Fig. 17b) by reconstitution of 
apomyoglobin in solution with the cor- 
responding metalloporphyrin and inves- 
tigated their fluorescence spectra [138]. 
Fluorescence from the mixed SAMs of 
the ferrocene-thiol derivative and Zn 
tetraarylporphyrin-thiol derivative were 
measured under open circuit conditions 
and the amounts of the photo-storaged 
charge in the SAM were quantitatively 
examined by Roth etal. [139] Bohn etal. 
constructed the protein-connected SAMs 
by using the procedures shown in Fig. 18, 
measured the fluorescence intensity from 
the polystyrene nanosphere doped as a 
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Lactate 


Pyruvate 


Fig. 16 Schematic coupling model ofthe photo-switchable interactions between 
cytochrome c and the mixed SAM of spiropyran/merocyanine-terminated and 4-pyridine thiol 
with (a) the reduction of O 2 by CO x and (c) the oxidation of lactate by lactate dehydrogenase 
(LDH). (b) When the electrode is in the cationic merocyanine state, repulsive interactions 
disallow the functioning of the bioelectrocatalytic processes [1 30]. 


fluorescent label in the SAMs, and inves- 
tigated cellular adhesion and motility by 
measuring the surface composition gradi- 
ents of extracellular matrix proteins such 
as fibronection [140, 141]. 


The electrochemical and electrogener- 
ated chemiluminescence (ECL) from the 
gold and ITO electrodes modified with the 
SAM of tris(2,2 , -bipyridine) ruthenium(II) 
(Ru(bpy) 3 2+ ) -thiol linked molecules 
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O 


Fig. 18 Schematic modification process of the fluorescent nanospheres containing 
a large number (~10 6 per sphere) of pendant carboxylic acid moieties, which were 
exploited to couple the nanospheres to amine-terminated thiol SAMs through amide 
bond formation [140], 


(Fig. 17c [142] and Fig. 17d [143, 144]) 
were reported. The potential dependence 
of the emission intensity (Fig. 19) and 
luminescent spectrum (Fig. 20) were ob- 
served at the Ru(bpy) 3 2+ SAM -modified 
electrode in a solution containing 
C2O4 2- and the following reactions were 
considered to take place within the posi- 
tive potential region where emission was 
observed [142]: 

Ru(bpy) 3 2+ > Ru(bpy) 3 3+ + e“ (1) 

Ru(bpy) 3 3+ + C 2 C>4 2 ~ > Ru(bpy) 3 2+ 

+ C0 2 + C0 2 -“ (2) 

Ru(bpy) 3 3+ + C0 2 ' - > Ru(bpy) 3 2+ * 

+ C0 2 (3) 

Ru(bpy) 3 2+ * > Ru(bpy) 3 2+ + hv (4) 

Ru(bpy) 3 2+ * ■> Ru(bpy) 3 3+ + e“ (5) 

In these processes, electrochemically 
generated Ru(bpy) 3 3+ oxidizes C2C>4 2_ , 
forming C0 2 and CC>2 _ ’, and becomes 
Ru(bpy) 3 2+ which again donates an elec- 
tron to the electrode (reaction (1)). Thus, 


the Ru(bpy) 3 2+ / 3+ head group in the SAM 
acts as a mediator for the oxidation of ox- 
alate, and therefore, a monotonic increase 
in the anodic current was observed as the 
potential becomes more positive (Fig. 19). 
C0 2 “- reduces Ru(bpy) 3 3+ to Ru(bpy) 3 2+ * 
which has excess energy. Ru(bpy) 3 2+ * may 
directly donate an electron to the elec- 
trode (reaction (5)) or relax to Ru(bpy) 3 2+ 
with a light emission efficiency controlled 
by the electron transfer rate of the reac- 
tion (5) which should be dependent on 
the distance between the electrode and 
the Ru(bpy) 3 2+ / 3+ head group in the 
SAM. Bard et al. also used the follow- 
ing oxidation reaction of tripropylamine 
(TPrA) and the above reactions (1) and (4), 
and observed ECL from the generated 
Ru(bpy) 3 2+ * atthe SAM -modified gold and 
platinum electrodes [145, 146]. 

TPrA » TPrA‘+ + e“ (6) 

Ru(bpy) 3 3+ + TPrA > Ru(bpy) 3 2+ 

+ TPrA‘+ (7) 

TPrA‘+ » TPrA" + H+ (8) 
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Fig. 19 Potential dependence of (a) the currents of the unmodified (broken 
curve) and SAM-modified (solid curve) ITO electrodes, and (b) the ECL intensity 
ofthe unmodified (broken curve) and SAM-modified (solid curve) ITO electrodes 
in a solution containing 0.4 M Na 2 S 04 + 0.1 M Na 2 C 204 [142], 


Fig. 20 ECL spectrum of the 
R u ( b py) 3 2+ -t h i o I SAM-modified 
ITO electrode in a solution 
containing 0.4 M 
Na 2 S 04 + 0.1 M Na 2 C 204 at 
1.15V (dots) and the emission 
spectrum of Ru(bpy) 3 2+ -thiol in 
CH 2 CI 2 solution (solid 
curve) [142], 
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Ru(bpy) 3 3+ + TPrA" » Ru(bpy) 3 2+ * 

+ products (9) 

Using this ECL behavior of the Ru(bpy) 3 2+ 
/TPrA system, the surface hydrophobic- 
ity [145] and immobilization of DNA and 
protein [146] were investigated. Except for 
the above reports, the ECL behaviors 
at the Ru(bpy) 3 2+ SAM-modified elec- 
trodes were used to fabricate an opto- 
electrochemical microring array [147]. 

There is a report that describes the 
application of a SAM-modified electrode 
in an electroluminescence (EL) device. 
Yamashita et al. used gold electrodes 
modified with the SAMs of the tripod- 
shaped 7z -conjugated thiols and disulfide 


(Figs 17(e) -(g)) and investigated enhanced 
hole injection from the EL of these 
SAM-modified electrodes [148]. They con- 
structed layers of 4,4"-bis(3-methylphenyl- 
phenylamino)biphenyl (TPD), tris(8-hy- 
droxyquinolinato) aluminum( I II) ( Alq 3 ) , 
and Mg-Ag alloy, as a hole transport, 
emission, and electron transport layers, 
respectively, on these SAMs by vacuum 
evaporation. As a reference, these layers 
deposited both on the bare gold and bare 
ITO substrates were also used. Figure 21 
shows the EL characteristics of these de- 
vices. Both the current-voltage (I-V) and 
luminescence-voltage (L-V) curves of these 
devices shifted to higher voltages in the 
order of SAM(f), which means the SAM 
of the molecule (f) shown in Fig. 16, < 



(a) 



Voltage 

[V] 


Fig. 21 (a) l-V and (b) L-V 

characteristics of (1) SAM(e), 
(2) SAM (f), (3) SAM (g), 

(4) bare gold, and (5) bare ITO 
devices [148]. 





SAM(e) bare ITO < bare gold < 
SAM(g). Compared to the bare gold device, 
the SAM(f) device exhibited a significantly 
improved EL performance, for example, 
greatly reduced operating potential, yield- 
ing much greater maximum brightness, 
permitting much higher current, and bet- 
ter stability. In contrast, the SAM(g) device 
showed EL characteristics poorer than the 
bare gold device. The different effects of 
the SAMs on the EL properties of the 
devices were concluded to be due to the 
modification density of the SAMs, leading 
to the vacuum level shift at the Au/TPD 
interface by the SAMs. The results of the 
CVs at the gold electrodes modified with 
these SAMs showed that the packing of 
the tripod-shaped thiol SAM(f) was com- 
pact, of the thiol SAM(e) less, and of the 
disulfide SAM(g) very poor. These modifi- 
cations influence the hole injection barrier 
height at the Au/TPD interface and then 
affect the EL characteristics of the devices. 

It is quite important to apply the 
SAM-modified electrode to a biosen- 
sor using the fluorescence from it [149, 


Fig. 22 (a) Linear sweep 

voltammograms of ferrocene-thiol 
SAM-modified gold electrode measured 
in electrolyte solution (0.1 M 
NaCICq/O.l M buffer solution, pH 8.2) 
with 100 pM luminol and 10 mM H 2 O 2 
(solid line) and without luminol and 
H 2 O 2 (dotted line). Sweep rate: 

2 mV s -1 . (b) ECL intensities of 
ferrocene-thiol SAM-modified gold 
electrode (open circle) simultaneously 
measured with the linear sweep 
voltammograms. ECL intensity of 
unmodified gold electrode (closed 
diamond) [149], 
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150]. Sato etal. investigated the electro- 
oxidative chemiluminescence from a lumi- 
nol/hydrogen peroxide system catalyzed 
by the ferrocene-thiol SAM-modified gold 
electrode (Fig. 22). When luminol and 
hydrogen peroxide were contained in the 
electrolyte solution, in addition to the 
oxidation peak due to the redox of fer- 
rocene, the catalytic oxidation current 
of luminol was observed (solid line in 
Fig. 22a) and light emission was simulta- 
neously observed (open circle in Fig. 22b). 

The ECL intensity depended on the pH of 
the solution. They applied this system to 
detect glucose in the presence of glucose 
oxidase [150]. 

There is an interesting report about 
fluorescence from a porphyrin, which is 
incorporated in a SAM, although it is 
not on an electrode. Reich et al. con- 
structed Au and Au/Ni nanowires whose 
surface was modified with the SAMs of 
a porphyrin-thiol coupling molecule [151]. 
Fluorescence microscopy was used to opti- 
mize the functionalization of two-segment 
gold-nickel nanowires for selectivity and 
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stability of the nanowire-molecule link- 
ages. Magnetic trapping was employed as 
a technique where single nanowires are 
captured from a fluid suspension using 
lithographically patterned micromagnets. 
They investigated the influence of an 
external magnetic field on this process 
and suggested a model based on the in- 
terplay of dipolar forces and viscous drag 
from the results of the dynamics of the 
magnetic trapping. 

1.2. 2. 6 Concluding Remarks 

We have described thiol derivatives 
with photo-functionalities and presented 
schematic illustrations of the photoelec- 
trochemically active SAMs and multilayers 
constructed on the electrode surfaces as 
many as possible in this section. How- 
ever, since there are a large number 
of studies on wide range of photoac- 
tive alkylthiol SAM-modified electrodes, 
we cannot review all the important sub- 
jects in this section such as photo- 
patterning [152-156] and nonlinear opti- 
cal properties [157,158]. Instead we have 
listed many references for the interested 
readers. 
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1.3.1 

SAMs on Hg Electrodes 

Rolando Cuidelli 

Florence University, Firenze, Italy 


1.3. 1.1 Introduction and Scope 

Mercury has a homogeneous, featureless, 
defect-free surface that lends itself to the 
formation of well-behaved self-assembled 
monolayers (SAMs). One of the first appli- 
cations of Hg as a support for a monolayer 
dates back to the early 1970s, when Miller 
and coworkers [1, 2] described the self- 
assembly of phospholipid monolayers on 
a dropping mercury electrode with a long 
drop time. From then on, phospholipid 
SAMs on mercury electrodes have been 
extensively investigated not only for their 
intrinsic properties but also, and mainly, 
for their applications as models of biologi- 
cal membranes. To this end, molecules of 
biological importance, lipophilic ions, pep- 
tides, and proteins have been incorporated 
in Hg-supported phospholipid SAMs with 
the aim of investigating their behavior in 
an environment mimicking that of bio- 
logical membranes. Much before the first 
applications of phospholipid SAMs on Hg, 
in 1940 Kolthoff and Barnum [3] described 
a dc polarographic adsorption prewave 
for cysteine electrooxidation, which pre- 
figured the formation of a monolayer of 
this amino acid provided with a sulfhydryl 
group. This finding started a series of 
electroanalytical investigations on the de- 
position of water-soluble thiol films on 
Hg, usually at a submonolayer level. Only 
recently, after the investigations on the in- 
teresting properties of alkanethiol SAMs 
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on gold electrodes, attention has been 
focused on analogous investigations on 
Hg, aiming at exploiting the unique prop- 
erties of this liquid metal. While on a 
solid substrate such as Au it is the lattice 
structure that governs the organization 
of the SAM molecules, on Hg this is 
mainly governed by intermolecular inter- 
actions. 

Without having the pretension of be- 
ing comprehensive, this review covers the 
main aspects of the preparation, character- 
ization, and properties of the above SAMs 
on Hg. 

1 .3.1 .2 Phospholipid SAMs on Hg 

Phospholipid monolayers consist of a hy- 
drocarbon tail region with a dielectric 
constant comparable with that of alkanes 
(« 2) and a polar head region contain- 
ing ionizable groups (phosphate, amino, 
carboxyl groups) whose polarizability im- 
parts to this region a higher dielectric 
constant (from 10 to 30). The interface 
between an aqueous phase and the polar 
head region of lipid monolayers is equiv- 
alent to that between the same aqueous 
phase and lipid bilayers, which repre- 
sent the main constituents of biological 
membranes. Thus, as long as interactions 
with foreign molecules are only confined 
to the polar head region, no apprecia- 
ble differences are expected. This is why 
phospholipid monolayers supported by 
mercury have been extensively employed 
as experimental models of biological mem- 
branes. 

1.3. 1.2.1 Preparation Methodology and 
Procedures The first attempt to deposit 
a lipid monolayer on mercury was car- 
ried out by Miller and Bach [1] by causing 
an aqueous dispersion of dipalmitoylphos- 
phatidylcholine (DPPC) to be adsorbed on 
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the surface of a dropping mercury elec- 
trode with a long drop time. Because 
of the very low solubility of DPPC and 
its gel state at room temperature, the 
film was less than monomolecular, ex- 
hibiting a high differential capacity C 
of about 8 pF cm“ 2 over the potential 
range from —0.2 to — 0.6V/SCE. Subse- 
quently, Pagano and Miller [2] transferred 
Langmuir- Blodgett (LB) films of different 
amphiphilic molecules at their equilib- 
rium spreading pressure from a deaerated 
Langmuir trough onto a dropping mer- 
cury electrode; this was adjusted above 
the film in such a position as to start 
growing in the nitrogen atmosphere, to 
touch the nitrogen/water interface after 
1-2 seconds, and to continue growing 
for other 10-15 seconds before falling off 
the capillary. A film of 3 H-labeled oleic 
acid on mercury obtained by this proce- 
dure had a surface concentration of about 
(1/19) molecules/A 2 over the potential 
range from —0.1 to —1.2 V, in agreement 
with a close-packed monolayer of fully ex- 
tended molecules in a vertical orientation. 
Subsequently, Miller and coworkers found 
that well-organized phospholipid mono- 
layers with a differential capacity of about 
1.7 pF cm -2 , namely, twice that of solvent- 
free black lipid membranes [4], could be 
obtained by a similar procedure not only 
at the equilibrium spreading pressure of 
the lipid film on the aqueous subphase but 
also with lipid surface concentrations at 
the nitrogen/water interface correspond- 
ing to two [5] or three [6] lipid monolayers. 
The lipid film is obtained by spreading a 
solution of the lipid in an alkane (usu- 
ally pentane or hexane) on the surface 
of an aqueous electrolyte and by allow- 
ing the alkane to evaporate. This lipid 
film can be regarded as a monolayer at 
its equilibrium spreading pressure plus a 


lipid excess in equilibrium with the mono- 
layer. At any rate, as this film comes 
into contact with the mercury electrode, 
a well-organized monolayer is formed on 
its surface, by “self-assembly”. This proce- 
dure, which should be distinguished from 
the “LB transfer” of a preconstituted, orga- 
nized monolayer from a Langmuir trough 
onto an electrode, exploits the fact that 
mercury is the most hydrophobic metal. 
This by no means implies that mercury 
has no affinity for the oxygen of water; 
in fact, at the potential of zero charge 
(pzc), the water molecules adsorbed on 
mercury are slightly oriented with the oxy- 
gen turned toward mercury, although less 
than on other metals [7, 8]. However, as 
the adsorbing lipid molecules have to de- 
cide where to turn their hydrophilic polar 
head to attain a minimum in their adsorp- 
tion free energy, they choose to turn it 
toward the aqueous phase, where it can 
form hydrogen bonds with the adjacent 
water molecules. 

The technique was further improved 
by using a hanging mercury drop elec- 
trode (HMDE) in place of a dropping 
mercury electrode, thereby creating more 
favorable conditions for the attainment of 
adsorption equilibrium. In fact, the lipid 
monolayer may not adjust readily to an 
expanding mercury drop, especially if it 
incorporates a lipophilic substance capa- 
ble of decreasing its fluidity. The drop is 
formed after positioning the HMDE about 
0.2 mm above the lipid film previously 
spread on the aqueous electrolyte [5]. As 
the drop touches the film following its 
growth, it is covered almost completely by 
a self-assembled lipid monolayer, while its 
neck remains in contact with the lipid 
reservoir previously spread on the sur- 
face of the aqueous electrolyte. A variant 
of this procedure was later adopted by 



Nelson and coworkers [9, 10]: a commer- 
cial HMDE was used to form a mercury 
drop in a nitrogen atmosphere above a 
lipid film spread on an aqueous electrolyte 
in an amount >0.3 pg cm -2 , correspond- 
ing to about three monolayers; the drop 
was then slowly immersed in the elec- 
trolyte across the lipid film. This procedure 
gives rise to a self-assembled phospho- 
lipid monolayer supported by mercury. 
A special home-made HMDE that uses 
an oleodynamic system for moving the 
electrode vertically inside a water- jacketed 
box and extrudes stationary drops main- 
taining a constant area for periods of up 
to 90 minutes, with a reproducibility bet- 
ter than 1%, was described by Moncelli 
and Becuccijll]. The transfer of a lipid 
monolayer on this electrode provides dif- 
ferential capacity values with an accuracy 
better than 0.02 pF cm -2 . A simple pro- 
cedure for measuring the charge density 
<tm on the surface of a lipid-coated mer- 
cury electrode consists in contracting the 
lipid-coated drop while keeping its neck 
in contact with the lipid reservoir spread 
at the water/argon interface [12]. This pro- 
cedure, which exploits the free exchange 
of lipid material between the lipid mono- 
layer that coats the mercury drop and the 
lipid film spread on the solution, ensures 
that the monolayer maintains its proper- 
ties, including its thickness, as the drop is 
contracted. The charge following the con- 
traction divided by the decrease in drop 
area yields directly the charge density <tm 
on the mercury surface. A further, more 
lengthy procedure to self-assemble a di- 
oleoylphosphatidylcholine (DOPC) mono- 
layer on an HMDE consists in keeping 
it immersed in an aqueous dispersion of 
DOPC liposomes for about 15 minutes, 
while scanning the potential repeatedly 
from —0.4 to —0.7 V/SCE until a constant 
value of 1.85 pF cm -2 is attained [13]. 
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1.3. 1.2. 2 Structure and Physical Properties 
of Phospholipid SAMs on Hg 
1.3. 1.2. 2.1 Differential Capacity of Phos- 

pholipid SAMs on Hg The differential 
capacity of a self-assembled DOPC mono- 
layer attains a constant minimum value 
over a potential range from —0.15 to 
—0.7 V/SCE (Fig. 1); this value, which 
amounts to ~1.8 pF cm -2 , is not affected 
by changes in pH, temperature, ionic 
strength, and nature of the electrolyte. 

The value of the minimum capacity and 
its potential range vary slightly with the 
nature of the phospholipid. Thus, with di- 
oleoylphosphatidylethanolamine (DOPE) 
the minimum capacity amounts to 
~1.7 pF cm -2 and ranges from —0.15 to 
—0.9 V/SCE, whereas with dioleoylphos- 
phatidylserine (DOPS) it decreases from 
1.9 to 1.6 pF cm -2 as the pH passes from 
8 to 2.3 [14]. At positive potentials the re- 
gion of minimum capacity is delimited 
by a capacity increase that precedes mer- 
cury oxidation; at negative potentials this 
region is delimited by two sharp peaks 
that lie at about —0.9 and — 1.0 V (peaks 
1 and 2 in Fig. 1) and by a third peak at 
about —1.35 V in the case of DOPC. With 
dimyristoyl phosphatidylcholine (PC) and 
bovine phosphatidylserine (PS), peaks 1 
and 2 are replaced by a single peak [14]. 
Lipids that are not in the liquid-crystalline 
state cannot be transferred satisfactorily to 
the mercury drop because of lack of fluid- 
ity. Thus, dipalmitoyl PS, whose transition 
temperature from the gel to the liquid- 
crystalline state is about 42 °C, can be 
transferred to mercury only at higher tem- 
peratures [9]. If the area of a lipid-coated 
HMDE is expanded while keeping it im- 
mersed in the aqueous electrolyte, the 
minimum capacity varies proportionally 
to the drop area A [9, 15]. Since under 
these conditions the film expansion main- 
tains the amount of lipid material on the 
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Fig. 1 Curve of the differential capacity C versus potential £ for DOPC-coated mercury in 
0.1 M KCI. The inset shows C versus £ curves for bare (dashed line) and DOPC-coated (solid 
line) mercury in 0.1 M solutions ofTMACI, KCI, and LiCI [16]. 


drop surface constant, this behavior can 
be explained by assuming that the drop 
expansion causes a progressive tilt of the 
lipid molecules, without incorporation of 
water into the lipid monolayer, and hence 
without altering the dielectric constant s of 
the film. The capacity C of the film can be 
approximately expressed by the Helmholtz 
formula, eos/d, for a parallel-plate capaci- 
tor, where d is the film thickness and so 
is the permittivity of the free space; noting 
that, for a constant volume V = Ad of the 
lipid material, A is inversely proportional 
to d, the direct proportionality between C 
and A requires the constancy of e. 


Peaks 1 and 2 of DOPC are capacitive in 
nature and are due to field-induced, two- 
dimensional phase transitions. A decrease 
in pH from 8 to 1 causes a positive shift 
in peak 1 and a negative shift in peak 2, 
whereas an increase in temperature from 5 
to 60 °C shifts peaks 1 and 2 negatively and 
peak 3 positively [17]. A decrease in ionic 
strength broadens the potential range of 
the capacity minimum by shifting peaks 1 
and 2 negatively and the capacity rise at the 
more positive potentials positively. At con- 
stant ionic strength, the latter capacity rise 
is shifted negatively by those anions that 
are more strongly adsorbed on Hg, such as 




bromide and iodide ions, probably because 
of a competition with the lipid for the metal 
surface. On the other hand, peak 1 shifts 
positively in response to the electrolyte 
cation in the order: Ca 2+ = Mg 2+ > Li + > 
Na + > K + > Cs + , namely, in the order of 
the increasing binding of these cations to 
the phosphate group of the polar heads of 
the lipid. 

The third peak in Fig. 1 exhibits hys- 
teresis in the reverse potential scan [9] 
and is due to partial desorption of the 
lipid. Complete desorption takes place 
at potentials negative enough to cause a 
merging of the curve of the differential 
capacity C versus the applied potential 
E recorded on lipid-coated mercury with 
that obtained on bare mercury, under oth- 
erwise identical conditions. The inset of 
Fig. 1 shows C versus E plots in 0.1 M 
solutions of KC1, LiCl, and tetramethylam- 
monium chloride (TMAC1) both on bare 
and on DOPC-coated mercury [16]; the be- 
havior in 0.1 M NaCl and CsCl is similar 
to that in 0.1 M KCl. The best overlap is 
attained in 0.1 M TMAC1. The charge at 
a DOPC-coated mercury electrode which 
follows a chronocoulometric step from the 
pzc, —0.450 V/SCE, for bare Hg in 0.1 M 
TMAC1, to a potential, -1.850 V/SCE, 
of total desorption in this electrolyte 
amounts to Q = — 22.4 ± 0.1 pC cm -2 . By 
knowing the charge density, — 23.2 ± 
0.1 gC cm -2 , at — 1.850 V/SCE on bare Hg 
from electrocapillary measurements [18], 
the charge density, —23.2 pC cm -2 — Q = 
—0.8 ± 0.1 pC cm -2 , on DOPC-coated 
mercury at —0.450 V/SCE is obtained [16]. 
Therefore, coating Hg with a DOPC mono- 
layer shifts the pzc toward positive values. 
This is due to the positive shift, A/, in 
the surface dipole potential / that ac- 
companies such a coating, and that must 
be compensated for by a negative charge 
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density on the metal to keep the ap- 
plied potential on lipid-coated mercury 
at the same value as the pzc on bare 
mercury. In fact, the coating involves 
the removal of adsorbed water molecules, 
whose surface dipole potential amounts 
to ~— 100 mV [19] (negative toward the 
mercury), and their replacement by a PC 
monolayer, whose polar heads have a sur- 
face dipole potential of ' — 1-200 mV [20]. 

If a DOPC SAM obtained by the spread- 
ing procedure is subjected to a potential 
scan from the region of the flat capacity 
minimum to a potential just negative of 
peak 2 and the potential is then scanned 
back, peaks 1 and 2 and the capacity min- 
imum are fully recovered [13]. On the 
other hand, if the potential is scanned 
beyond peak 3 (say, up to the desorption 
potential of —1.85 V/SCE) and is then 
scanned back, peak 3 is shifted positively 
and, most importantly, the capacity min- 
imum is higher, revealing some defects 
upon readsorption. A different behavior is 
observed with SAMs obtained from DOPC 
vesicles. In this case, scanning the poten- 
tial for the first time from the region of 
the capacity minimum to a potential just 
negative of peak 2 yields a capacity curve 
practically identical with that recorded with 
SAMs obtained by the spreading proce- 
dure; however, the subsequent backward 
scan exhibits smaller peaks 2 and 1 and 
a capacity minimum lower than the pris- 
tine one. If the potential is scanned from 
the capacity minimum beyond peak 3 and 
is then scanned back, no peaks are ob- 
served in the reverse scan and the pristine 
capacity minimum is substantially recov- 
ered. This difference in behavior is due to 
the constant presence of liposomes, which 
tend to heal the defects in the SAM, as 
they are formed at sufficiently negative 
potentials, and may also fuse with the 
SAM. 
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At potentials of complete lipid des- 
orption, the lipid molecules remain in 
close proximity to the mercury surface 
for hours as positively charged micel- 
lar aggregates, and spread back readily 
on the electrode surface with a posi- 
tive shift in potential [16, 21]. This des- 
orption/readsorption process was imaged 
using epi-fluorescence microscopy and in- 
cluding a small amount of an amphiphilic 
fluorescent dye molecule in the lipid 
SAM [22]. On a Hg electrode, as distinct 
from a Au electrode, fluorescence can be 
detected even if the fluorophore is at a 
small distance from the electrode. In fact, 
the fluorescence quenching efficiency, due 
to nonradiative energy transfer to the 
electrode, is 2 to 3 orders of magnitude 
lower on Hg than on Au. Upon scanning 
the potential progressively in the negative 
direction up to film desorption, the flu- 
orescence intensity maintains a constant 
low level along the fiat capacity minimum; 
a large increase in fluorescence is observed 
at the far negative potentials, indicating a 
separation of the DOPC monolayer from 
the electrode surface. By scanning back 
the potential, the fluorescence decreases 
slowly down to the positive potential limit; 
neither the fluorescence nor the capacity 
recover the pristine value, denoting a de- 
fectively re-formed SAM. In contrast to 
a similar gold system [23], the fluorescent 
particles or aggregates on Hg are freely mo- 
bile, preventing an image analysis yielding 
their number density and size. 

The inset in Fig. 1 shows that in 0.1 M 
LiCl the capacity remains constantly lower 
than that of bare mercury, even at far 
negative potentials at which complete 
desorption is observed with the other 
alkaline chlorides. A similar behavior is 
observed in the presence of Ca 2+ [24], 
which is known to interact strongly with 
the phosphate groups of phospholipids. 


This indicates that, in the presence of 
Li + or Ca 2+ , the lipid aggregates are not 
completely detached from the negatively 
charged mercury surface even at the most 
negative potentials; this is probably to 
be ascribed to their high positive charge 
density, owing to the particularly strong 
interaction of the highly hydrated Li + 
ion or of Ca 2+ with the lipid film [25], 
which prevents the merging of the C 
versus E curve on PC-coated mercury with 
that on bare mercury. In particular, the 
presence of Ca 2+ imparts a high stability 
to the SAM [24]; thus, upon scanning the 
potential back from —1.85 V/SCE, the 
pristine capacity minimum is recovered, 
in contrast to experiments in the absence 
of Ca 2+ . 

Impedance spectroscopy measurements 

Electrochemical impedance spectroscopy 
is extensively employed for the investiga- 
tion of SAMs because the broad range 
of frequencies covered by this technique 
(usually from 10 -3 to 10 5 Hz) may al- 
low processes with different relaxation 
times taking place within the electrified 
interphase to be detected and sorted out. 
Unfortunately, the various relaxation times 
often differ by less than 2 orders of mag- 
nitude, thus requiring a certain amount 
of arbitrariness and of physical intuition 
for their separation. In fact, it is well 
known that the same impedance spec- 
trum can often be equally well fitted to 
different equivalent circuits, which are 
consequently ascribed to different relax- 
ation processes. Impedance spectra are 
frequently reported on a Y'/w versus Y"/a> 
plot, where Y' and Y" are the in-phase 
and quadrature components of the electro- 
chemical admittance and a> is the angular 
frequency. This plot is particularly suit- 
able for representing a series RC network. 
Thus, a series connection of R and C yields 



a semicircle of radius C/2 in this plot, 
with center of coordinates (Y"/a> = C/2; 
Y' /w = 0) and a maximum characterized 
by an to value equal to 1/RC. 

Nelson and coworkers used a series 
RC network to fit the impedance spectra 
of a DOPC SAM on mercury in 0.1 M 
KCl over the potential range from the 
flat capacity minimum to peak 2 [26]. 
However, to account for all features of the 
spectra, they modified the expression of the 
admittance for a simple RC series circuit, 
Y = [R + (1 /io)C)]~ x , by introducing two 
constant phase elements (CPEs) in place 
of i toC : 

Y = {r + l/ 

[*'“>' «-)])” 

( 1 ) 

Here, C s and C; n f are capacities in the 
low- and high-frequency limits, respec- 
tively. Incidentally, a CPE is an empirical 
admittance function of the type A(ico) a , 
which reduces to a pure conductance, 
A = 1 / R, when a = 0 and to a pure ca- 
pacity when a = 1; its use is justified if 
the relaxation time of the process under 
study is not single valued, but is dis- 
tributed continuously around a mean [27]. 
In Eq. (1), a /3 value <1 was ascribed to 
a certain “roughness” at the interphase, 
while an a value <1 was ascribed to a 
continuous distribution of low-frequency 
relaxation phenomena. The physical sig- 
nificance of these two CPEs is not entirely 
clear. At any rate, over the potential 
range of the capacity minimum (i.e. be- 
tween —0.4 and —0.7 V/SCE) both a 
and /l were found to be very close to 
unity, thus denoting that the behavior 
of the SAM approaches that of a sim- 
ple series RC network closely. Nelson and 
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coworkers also analyzed the impedance 
spectra of DOPC-coated mercury in con- 
tact with different alkali metal chlorides 
with principal component analysis and re- 
gression [28], 

To investigate the behavior of a DOPC 
SAM on mercury at its desorption poten- 
tial of —1.85 V/SCE, Bizzotto et al. [24] 
compared the impedance spectrum of this 
SAM with that of a bare mercury electrode 
at the same potential using a less involved 
equivalent circuit; this consisted of the re- 
sistance, R so i, of the solution adjacent to 
the film, with in series, the parallel ar- 
rangement of a capacity C^i and of a CPE 
Q, namely, a C&\Q “mesh”, simulating 
the film. At the desorption potential, the 
C<u and Q elements are practically iden- 
tical for the bare and the DOPC-coated 
mercury electrode, but the solution resis- 
tance R so i is about 20% higher on the 
latter electrode. This apparently anoma- 
lous behavior was tentatively explained 
by the presence of a lipid layer at some 
separation from the water-coated elec- 
trode surface, at this negative desorption 
potential. This organic material, also re- 
vealed by epi-fluorescence measurements, 
is assumed to be sufficiently close to the 
electrode surface to slow down the mi- 
gration of ions in response to the ac 
signal. 

Setting a CPE in parallel with the film 
capacity Qi has the effect of accounting 
for a depressed semicircular arc (namely, 
an arc whose center lies below the hori- 
zontal axis), a feature often encountered 
in the spectra of SAMs plotted in a Y'/w 
versus Y” /to diagram. Depressed arcs are 
also reported in spectra plotted in a Z" 
versus Z' diagram (sometimes called a 
Nyquist diagram), where Z' and Z" are 
the in-phase and quadrature components 
of the impedance Z = 1/Y. A depressed 
semicircular arc may be simulated by a 
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CPE in parallel with a capacity C, under 
the assumption that it is generated by a 
continuous distribution of relaxation pro- 
cesses around a mean [27]. However, a 
depressed semicircular arc may also be as- 
cribed to a discrete number of relaxation 
processes whose time constants differ by 
2 orders of magnitude or less. These re- 
laxation processes may be attributed to 
the movement of ions across slabs with 
different dielectric properties composing 
the SAM. Roughly speaking, the move- 
ment of ions to and fro across each slab 
is accounted for by its resistance, while 
the accumulation of charges at its bound- 
aries is accounted for by its capacity. In 
other words, each slab may be represented 
by an RC mesh (namely, a resistance R 
and a capacity C in parallel), and the 
whole SAM by an equivalent circuit con- 
sisting of a series of RC meshes. Such 
an equivalent circuit was adopted to inter- 
pret the impedance spectrum of a bilayer 
lipid membrane (BLM) [29], revealing the 
presence of three dielectric slabs, which 


were ascribed to the polar heads, the 
glycerol backbone, and the hydrocarbon 
tails. 

A single RC mesh yields a semicircle 
with radius R /2 and center of coordinates 
( Z ' = R/ 2, Z" = 0) in a Z" versus Z' dia- 
gram, while it yields a semicircle with ra- 
dius C / 2 and center of coordinates (<wZ" = 
C/2, w Z' = 0) in a wZ' versus ooZ" dia- 
gram [30]. In both cases, the maximum of 
the semicircle corresponds to an angular 
frequency a > = 1 / RC. If we force an RC 
mesh to satisfy the equation for a semi- 
circle in a Y' / ta versus Y" /to diagram, we 
obtain a frequency-dependent radius equal 
to C/2[l + {caRC)~ 2 }. Consequently, at 
frequencies that are not too low, an RC 
mesh yields a semicircle even in the Y'/co 
versus Y"/a> plot. In practice, plotting the 
impedance spectrum in a wZ' versus a>Z" 
diagram often allows a better separation of 
the different relaxation processes than plot- 
ting it in a Z" versus Z' diagram. Figure 2 
shows such a plot for a DOPC SAM on 
Hg in 0.1 M KCl at -0.55 V/SCE, in the 
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Fig. 2 Plot of coZ' versus co Z" for a DOPC SAM on Hg in 0.1 M KCl at —0.55 
V/SCE [31]. The solid curve is the best fit of the experimental points to an 
equivalent circuit consisting of four RC meshes in series. The dashed curves 
represent the contributions of the four different RC meshes to the solid curve. 




middle of the flat capacity minimum [31]. 
The plot is fitted to a series of four RC 
meshes, whose contributions are repre- 
sented by the four dashed curves in the 
figure. Starting from the origin, the con- 
tributions follow each other in the order 
of decreasing relaxation times. In view of 
their R and C values, they can be ascribed, 
in the order, to the glycerol backbone, the 
hydrocarbon tails, the polar heads, and the 
aqueous solution adjacent to the film. 


1.3 SAMs on Hg Electrodes and Si | 113 

which the permeable areas in the defec- 
tive lipid film are regarded as forming an 
array of regularly distributed microelec- 
trodes [21]. Phospholipid films inhibit the 
two-electron reduction of O 2 to H 2 O 2 [10], 
even though O 2 can penetrate these films. 
However, in the presence of substances 
such as furosemide, whose incorporation 
makes the lipid film permeable to hydro- 
gen ions, such an electroreduction can take 
place [33]. 


1.3. 1.2. 2. 2 Inhibitive Properties of Phos- 
pholipid SAMs on Hg The electroreduc- 
tion of the Cd(II), Cu(II), and Pb(II) ions 
to metal amalgam and that of the Eu(III) 
and V(III) ions to the divalent form, which 
on bare mercury occur over the poten- 
tial range of the capacity minimum of 
the DOPC-coated mercury, are inhibited 
by the lipid monolayer and initiate at po- 
tentials somewhat positive of peak 1 [32]. 
This indicates that the phase transition 
responsible for peak 1 increases the per- 
meability of the monolayer. The inhibition 
of the E(III) /Eu(II) and V(III)/V(II) elec- 
trode reaction indicates that no electron 
tunneling can occur across the lipid film, 
at least over the potential range of its sta- 
bility. The hydrated Cd(II) ion permeates 
the monolayer more easily than the chloro 
and sulfate complexes. On the other hand, 
polarizable anions such as bromide and io- 
dide facilitate Cd(II) reduction and Cd(Hg) 
oxidation to the extent with which they 
penetrate the monolayer at more positive 
potentials. The current for Cu(II) reduc- 
tion along the foot of the wave inhibited 
by the lipid monolayer is independent of 
time, denoting exclusive control by the 
penetration of the ion across the film [32]. 
At potentials approaching peak 1 the cur- 
rent decreases in time, and its decay is 
interpreted on the basis of a model in 


1.3.1 .2.2.3 Modelingof Phospholipid SAMs 

on Hg The experimental behavior of 
phospholipid monolayers on a metal sub- 
strate can be analyzed on the basis of 
a model of the membrane -solution in- 
terphase that accounts for the presence 
of any charged ionizable groups buried 
well inside the polar head region and is 
schematically depicted in Fig. 3 [34]. In 
this model the potential difference A c/> 
across the metal -solution interface con- 
sists of the sum of the potential differences 
across the hydrocarbon tail region, the 
polar head region, and the diffuse-layer 
region. It can be written as: 
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Here the first term is the potential differ- 
ence across the hydrocarbon tail region, of 
thickness ft and dielectric constant sp ~ 2, 
which depends on the charge density cm 
on the metal. The second term is the poten- 
tial difference across the polar head region, 
of thickness y and dielectric constant e Y , 
which depends upon the sum of ctm and 
of the charge density a[ n of any charged 
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0 Distance ft d 

Fig. 3 Schematic diagram of the model for a lipid monolayer deposited on mercury. The 
dashed curve represents the profile of the average potential against the distance from the 
mercury surface. The diffuse-layer thickness has been compressed with respect to the 
monolayer thickness, for ease of representation [34], 


groups buried well inside the polar head 
region. The third term is the dipole poten- 
tial due to the polar heads, where /i d i p is 
the dipole-moment normal component of 
the polar heads and N is their number per 
unit surface; this term also includes any 
contribution to the dipole potential from 
the orientation of the water molecules in 
direct contact with the polar heads. Fi- 
nally, <p d is the potential difference across 
the diffuse layer, which according to the 
Gouy-Chapman (GC) theory is a func- 
tion of the electrolyte concentration c and 
of the whole charge density er tot experi- 
enced by the diffuse-layer ions, namely, 
the sum of ctm , ofin and the charge density 
er ex of any ionized groups directly exposed 
to the aqueous phase. Differentiation of 
Eq. (2) with respect to <tm yields the fol- 
lowing expression for the reciprocal of the 
differential capacity: 


under the reasonable assumption that 
/Xdip is practically insensitive to the small 
changes in <tm- In fact, ctm assumes values 
from —0.2 to —0.5 pC cm -2 under usual 
experimental conditions, with the major 
changes in er tot being due to a ; n end cr ex 
as a consequence of a change in pH. 
d0d/dotot is expressed by the GC theory. 
The charges tri n and cr ex of the ionizable 
groups are considered to depend on the 
corresponding protonation constants Ki n 
and K ex according to Langmuir isotherms: 
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-| — — — Here <r ; max is the charge density corre- 

eqe y derM spending to the fully ionized y'th group, 
which is positive in the first expression of 
^ Eq. (4) and negative in the second. 



For lipids with no ionizable groups 
buried inside the hydrocarbon tail region 
(er in = 0), the differential capacity takes the 
simple form: 


1 _ J_ + (i + dfTex 

C C m dcrtot \ dfTM 


with : C m 




Here C m is the capacity of the lipid 
monolayer, which for dioleoylphospho- 
lipids can be accurately estimated at 
1.7 pF cm -2 ; a ex depends upon ctm only 
through the diffuse-layer potential differ- 
ence 0 ( j. Fitting the small changes in C 
with varying the concentration of the 1,1- 
valent electrolyte KCl at different pH values 
to Eq. (5), with Uex expressed by Eq. (4), 
yields a p K a value of 0.5 for the phos- 
phate group of DOPE and of 0.8 for that of 
DOPC [35]. 

The behavior of DOPS is more involved, 
since its phosphate group is buried 
somewhere inside the polar head region, 
while the carboxyl and ammonium groups 
are more exposed to the aqueous phase. 
The more general expression of Eq. (3) 
was therefore adopted, with a ; n equated 
to the charge density of the phosphate 
group. The fitting to Eq. (3), with Oi n and 
cr e x expressed by Eq. (4), requires not only 
the measurement of C as a function of 
the KCl concentration and of pH but 
also that of ctm as a function of pH; 
the latter measurement was carried out 
by the procedure based on the contraction 
of the lipid-coated mercury drop [12]. It 
was concluded that the overall charge 
density, Oi n + CT ex , of a DOPS monolayer 
varies from slightly negative to slightly 
positive values as the bulk pH of the 
bathing solution is varied from 7 to 4 [34]. 
Analogously, the overall charge density 
of a dioleoylphosphatidic acid (DOPA) 
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monolayer passes from negative to positive 
values as the pH is varied from 4 to 
1.5. Once the charge densities ctm, CTi n , 

CTex of DOPS and DOPA are determined 
at different pH values and at a constant 
applied potential E, Eq. (2) allows the 
surface dipole potential x = —Nfi^/eoSy 

to be estimated as a function of CT to t, 
apart from an additive constant. In fact, 

4> d(c, CT to t) can be calculated from the 
GC theory, while Ac p differs from E 
by an unknown constant that depends 
exclusively on the choice of the reference 
electrode. The plot of (x + constant) versus 
(erin + ffex) for DOPS and DOPA, shown in 
Fig. 4, exhibits a sigmoidal shape, with the 
maximum slope lying at (tTi n + er ex ) = 0. 
This plot is reminiscent of the surface 
dipole potential Xw because of the gradual 
alignment of the water molecules adjacent 
to the surface of a bare metal along the 
direction of the electric field created by 
the charge density on the metal [36]; this 
strongly suggests that the change in x with 
varying the overall charge density of the 
DOPS and DOPA monolayers is mainly 
to be ascribed to the reorientation of the 
water molecules in contact with the polar 
heads. 

To estimate the whole surface dipole po- 
tential x , a property of phospholipid mono- 
layers in the liquid-crystalline state at room 
temperature was exploited, namely, the 
possibility of increasing their initial area A 
by over 3 times by expanding the support- 
ing mercury drop completely immersed 
in the aqueous electrolyte, without incor- 
poration of water into the monolayer [15]. 
During the gradual drop expansion, the 
lipid molecules must progressively in- 
crease their tilt and decrease their number 
N per unit surface, so as to continue 
covering the whole drop surface. Denot- 
ing by 9 the angle formed by the axis of 
the tilted lipid molecules with the normal 
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Fig. 4 Plots of (x + constant) versus (crj n + cr ex ) dashed line is a curve of / w against the charge 

for DOPS (■) and DOPA (A) self-assembled density cm calculated by Damaskin and 

monolayers at -0.50 V/SCE in buffered Frumkin [36] for a metal-water interface, 

solutions of 0.1 M KCI [24], For comparison, the 


to the plane of the lipid monolayer, its 
cosine is just equal to the ratio, A/A(0), of 
the initial unexpanded area A of the film 
to the final expanded one, A(6). More- 
over, the number N of lipid molecules 
per unit surface, the dipole-moment nor- 
mal component of their polar heads, 
the charge densities <7i n and ffex due to 
the ionized groups of the polar heads, 
and the thickness /? and y of the hy- 
drocarbon tail and polar head regions, 
after drop expansion will all be equal to 
their initial values times cos 0. Recall- 
ing that the potential difference A<p across 
the whole interface before the expansion 
has the form of Eq. (2) and consider- 
ing how the various parameters in this 
equation change following the expansion, 
the potential difference after the expansion 



The charge density <tm ( 9 ) on the metal as 
a function of 6 in Eq. (6) can be estimated 
by noting that the charge Q(0) following 




the drop expansion is clearly equal to: 

Q(9) = a M (9)A(9) - a M A (7) 

Q(9) is obtained by measuring the 
charge that follows the expansion of a 
lipid-coated mercury drop with the drop 
completely immersed in the aqueous 
electrolyte, whereas the charge density 
% on the unexpanded film is obtained 
as already described, by measuring the 
charge following the contraction of a 
lipid-coated mercury drop while keeping 
its neck in contact with the lipid film 
spread on the surface of the aqueous 
electrolyte [12]. By estimating the potential 
difference across the diffuse layer as 
a function of 9 by the use of the GC 
theory, the whole left-hand side of Eq. (6) 
can be measured as a function of 6. By 
plotting this quantity against cos 2 9 at a 
constant applied potential Ac p, a straight 
line is obtained, whose slope is equal to 
the surface dipole potential minus the 
potential difference across the polar head 
region created by any charged groups 
buried in this region. 

The slopes of the plots for DOPC and 
DOPS at those pH values at which these 
monolayers are neutral are similar, and 
yield a dipole potential of +140 — 1-150 mV, 
positive toward the interior of the film. 
Conversely, the dipole potential for DOPA 
is much smaller, +30 mV [15]. The DOPS 
and DOPC monolayers having very similar 
surface dipole potentials indicate that this 
potential is not to be ascribed to the 
serine or choline group of their polar 
heads, but rather to a group common 
to these two lipids and buried deeper 
inside the polar head region. This can 
be reasonably identified with the glycerol 
backbone. This also explains the low value 
of the dipole potential of DOPA, whose 
polar head consists of the sole phosphate 
group and whose glycerol backbone is, 
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therefore, exposed to the aqueous phase 
and effectively screened by the water 
molecules. At the higher pH values at 
which the polar heads of DOPS and DOPA 
become progressively more negative, their 
surface dipole potential values estimated 
from Eq. (6) become progressively more 
positive. If we subtract from these values 
the contribution from water reorientation, 
as estimated from Fig. 4 by setting x = 

0 for (CTi n + cr ex ) = 0, we obtain values 
close to those directly calculated from the 
neutral DOPS and DOPA monolayers. 

This indicates that the dipole potential 
in phospholipids consists of two main 
contributions: a contribution from the 
glycerol backbone, which amounts to 
about +150 mV and is positive toward 
the interior, and a further contribution 
from the orientation of the adsorbed water 
molecules, which is small on a neutral lipid 
monolayer and becomes progressively 
more positive with an increase in the 
negative charge on the polar heads of the 
lipid. 

Application of Eq. (2) to a DOPC SAM, 
which does not contain ionizable groups 
inside the hydrocarbon tail region (oi n = 

0), allows an extrathermodynamic estima- 
tion of the absolute potential difference, 

A 4>, across the whole mercury-aqueous 
solution interphase [37]. Upon ignoring 
the small potential difference, (/><j, across 
the diffuse layer, Eq. (2) can be written as 
follows: 

O'M I IV+dip 

A</> = — + Xm with : Xm = 

C m £0 

( 8 ) 

where Xm is the surface dipole potential 
of the polar heads and the capacity C m 
of the lipid SAM is given by Eq. (5). A 4> 
includes the dipole potential due to the 
electron spillover, which, however, can be 
regarded as constant in view of its small 
rate of change with a change in the charge 
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density ctm on the metal. Both ctm and C m 
in Eq. (8) are experimentally accessible and 
thermodynamically significant. Thus, C m 
on DOPC-mercury equals 1.8pFcm -2 , 
while o'M equals — 0.8 ± 0.1 pC cm -2 at 
-0.450 V/SCE (see Sect. 1.1.3.2.2.1 and 
Ref. 16). Moreover, the dipole potential 
Xm due to the oriented polar heads of 
a DOPC monolayer, as estimated by 
different procedures both on BLMs and 
on a mercury electrode [15, 20], has been 
reported to assume values ranging from 
+150 and +250 mV, positive toward the 
hydrocarbon tails. Upon ascribing to / m 
an average value of +200 mV, Eq. (8) can 
be written: 


A0 (-0.450 V/SCE) = ^ + y m 
t-m 


—0.80 /xC cm 2 
1.8 /xF cm -2 


(0.200 ± 0.050)V 


= —(250 ± 50)mV (9) 


It follows that the absolute potential 
difference Acp between mercury and the 
aqueous phase can be obtained by in- 
creasing the applied potential E measured 
versus the SCE by about 250 mV. 


The adsorption isotherm of lipids mono- 
layers and the reorientation peaks Leer- 
makers and Nelson [38] determined the 
adsorption isotherm of lipid monolayers 
on a metal substrate by an approximate 
statistical treatment of a lattice model in 
which apolar water monomers and seg- 
ments of heads and tails of the lipid 
molecules interact with each other and 
with the substrate; the interactions of the 
water monomers and of the lipid head seg- 
ments with the substrate are considered to 
become progressively more attractive with 
an increase in the absolute value of the 
interfacial electric field, in view of their 
polarizability. The model predicts the tails 


in contact with the metal and the heads 
exposed to the aqueous phase along the 
flat capacity minimum. A negative shift in 
the applied potential causes an increasing 
attraction of the heads for the substrate. 
Competition of the heads (and, to a minor 
extent, of the water monomers) with the 
tails for the substrate causes a displace- 
ment of tail segments by head segments 
at potentials at which the tail segments 
still have a higher affinity for the substrate 
compared to water. This gives rise to a 
inhomogeneous layer of two phases con- 
sisting of a thin lipid bilayer and of a thin 
lipid monolayer, both incorporating some 
water molecules: in the thin bilayer the tails 
of the lipid molecules are directed toward 
each other. This transition is regarded as 
responsible for peak 1. At still more nega- 
tive potentials the affinity of the tails for the 
substrate is overtaken by that of the water 
molecules. In view of the constant amount 
of lipid molecules on the surface of the 
mercury drop, this leads to one-half of the 
drop surface almost exclusively covered by 
water and the other half covered by a lipid 
bilayer. This further transition is regarded 
as responsible for peak 2. If the affinity 
of the tail segments for the substrate is 
not particularly high, at sufficiently neg- 
ative potentials head segments and water 
monomers displace the tail segments from 
the surface in a single transition, giving 
rise to a single peak due to a direct passage 
from a lipid monolayer to patches of lipid 
bilayer and of water covered areas. Accord- 
ing to the authors [38], this may explain the 
merging of peaks 1 and 2 into a single peak 
and a decrease in the potential range of the 
flat capacity minimum in passing from di- 
oleoyl phosphatidylcholine to dipalmitoyl 
phosphatidylcholine and to dimyristoyl 
phosphatidylcholine, under the reasonable 
assumption that an increase in the hydro- 
carbon chain length and the presence of 



C=C double bonds enhance the hydropho- 
bicity of the tails, and hence their affinity 
for mercury. At any rate, even assuming 
that the lipid molecules tend to form a lipid 
bilayer along peak 2, such a bilayer must 
be somewhat disorganized and permeable 
to water. In fact, by keeping the neck of 
the lipid-coated mercury drop in contact 
with a lipid film spread on the surface of 
an aqueous electrolyte at potentials slightly 
negative of peak 2, the differential capac- 
ity remains much higher than the value, 
0.7-0. 8 pF cm -2 , expected for a compact 
lipid bilayer, even though the lipid mate- 
rial required for the formation of a lipid 
bilayer covering the whole drop surface is 
now available [12]. 

The current transients obtained by 
stepping the potential across the potential 
range of peak 2 show a minimum followed 
by a maximum and by an exponential 
decay to zero [21]; the time dependence 
of the current satisfies the expression for 
an instantaneous nucleation and growth 
process, and was ascribed to the growth 
and coalescence of the preexisting defects 
formed along peak 1. 

1.3. 1.2. 3 Incorporation of Lipophilic 
Molecules in Phospholipid SAMs on Hg 
1 .3.1 .2.3.1 Electroinactive Compounds 

Electro'mactive neutral compounds As a 
rule, incorporation of neutral hydropho- 
bic organic compounds, such as polynu- 
clear aromatic hydrocarbons [39], polychlo- 
rinated biphenyls, and phenothiazine [40] 
into DOPC monolayers on Hg causes a 
negative shift and a depression of peaks 1 
and 2, which is often accompanied by 
a slight decrease in the differential ca- 
pacity minimum. This effect becomes 
more pronounced with an increase in the 
aromaticity and hydrophobicity of the com- 
pound. Thus, while the effect of benzene 
and naphthalene is negligible, it becomes 
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appreciable with hydrocarbons with three, 
four or five aromatic rings [41]. Hydropho- 
bicity alone, as measured, say, by the 
octanol/water partition coefficient, is not 
sufficient to explain this effect; thus, un- 
decane and dodecane have a high partition 
coefficient but no observable effect on lipid 
monolayers. The hydrophobic compounds 
may be adsorbed in the film from very 
dilute aqueous solutions or else by spread- 
ing a mixed solution of the compound 
and of the lipid in pentane on the surface 
of the electrolyte and by transferring the 
mixture to an HMDE. In the latter case 
the mole fraction of the compound in the 
film is known, and by comparing the re- 
sponse of the film so obtained with that 
obtained by slow equilibration of a lipid- 
coated electrode with an aqueous solution 
of the compound, the adsorption isotherm 
of the given compound can be obtained. 

The negative shift in the capacity peaks 
increases with the bulk concentration of 
the compound first linearly, but then 
tends to attain a limiting value. Planar 
polyaromatic molecules intercalate more 
easily between the lipid tails than the 
nonplanar, twisted ones, and hence are 
more effective in shifting the peak po- 
tentials in the negative direction. Thus, 
4-monochlorobiphenyl is more effective 
than 2-monochlorobiphenyl, whose struc- 
ture is distorted by the steric hindrance 
of the ortho-chloro substituent [40]. Both 
the above chlorinated biphenyls are more 
effective than biphenyl because of their 
greater molecular polarizability. 

The slight decrease in the flat capacity 
minimum, which is often observed with an 
increase in the bulk concentration of these 
compounds, is probably to be ascribed to 
a thickening of the film following their 
incorporation in the lipid monolayer; this 
should more than compensate for the 
expected increase in capacity stemming 
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from the higher dielectric constant of 
aromatic compounds compared to that, 
«2, of the lipid tails. The concomitant 
decrease in the height of the reorientation 
peaks 1 and 2 and their broadening are 
due to a decrease in the cooperativity of 
the reorientation of the lipid molecules, 
caused by the intercalation of the foreign 
molecules. 

Adsorption of neutral molecules in the 
polar head region may appreciably alter 
its surface dipole potential. The result- 
ing change A/ in / can be determined 
from Eqs (2) and (5) by measuring the 
change Actm in that accompanies 
this adsorption at constant applied po- 
tential E = A <p + constant. With DOPC 
monolayers, <7i n equals zero, and the 
changes in (c, rr t ot) that accompany 
the small changes in ctm are negligi- 
bly small. Hence A/ = —A(Nfi^p/soe y ) 
is practically equal to —Aau/C m , where 
C m = 1.7 pF cm -2 is the capacity of the 
DOPC monolayer (see Eq. 8). It was thus 
shown that the so-called hybrid polar com- 
pounds produce a positive shift in the 
surface dipole potential of phospholipid 
monolayers [42], an effect that can explain 
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why compounds with such different struc- 
tures may act as powerful inducers of 
terminal differentiation of various types 
of tumors. 

6-Ketocholestanol (KC), a steroid that 
differs from cholesterol mainly by the pres- 
ence of a carbonyl group, was reported 
to form pores inside a mercury-supported 
DOPC SAM by a mechanism of nucleation 
and growth similar to that of a number of 
channel-forming peptides [43]. The poten- 
tial steps responsible for pore formation 
by KC molecules give rise to the potentio- 
static charge versus time curves shown in 
Fig. 5, whose sigmoidal shape reveals two 
consecutive two-dimensional phase transi- 
tions. These transitions are characterized 
by an increased flow of negative capacitive 
charge and by a concomitant increased sep- 
aration between consecutive charge versus 
time curves in Fig. 5. At potentials positive 
of —0.250 V/SCE, the differential capacity 
of a DOPC SAM containing 33 mol% KC 
is as low as 1.2 pF cm -2 . Under these con- 
ditions, the DOPC and KC molecules are 
expected to be randomly distributed within 
the monolayer, and KC has the same ef- 
fect as cholesterol in increasing the rigidity 
of the film and decreasing its differential 


Fig. 5 Charge versus time curves 
following a series of potential steps from 
a fixed initial potential Ej = —0.250 V to 
final potentials E varying by —10 mV 
increments from —0.250 to —0.750 V on 
a mercury electrode coated with a lipid 
monolayer consisting of 67 mol% 

DOPC + 33 mol% KC and immersed in 
aqueous 0.1 M KCI [43], 



capacity. The first phase transition is as- 
cribed to an increase in the alignment of 
the KC dipoles along the direction of the 
interfacial electric field, with the oxygen 
of the carbonyl group more fully turned 
toward the aqueous solution. This charge 
movement causes a positive shift in the 
potential difference across the lipid mono- 
layer, as measured from the metal toward 
the solution. At constant applied potential, 
this shift is compensated for by a flow of 
electrons to the mercury surface along the 
external circuit. This causes the increase in 
negative charge that characterizes the first 
two-dimensional phase transition. The in- 
crease in differential capacity from 1.2 to 
6.5 pF cm -2 observed over the potential 
range between the two phase transitions 
is ascribed to the first phase transition 
giving rise to bundles of KC molecules, 
with the oxygens turned toward the inte- 
rior of the bundles. In these hydrophilic 
pores the inorganic ions can move back 
and forth following the ac signal, causing 
an increase in differential capacity. The de- 
crease in differential capacity from 6.5 to 
1.8 pF cm -2 after the second phase transi- 
tion suggests that this transition involves 
the disruption of the pores and a return 
to a random distribution of DOPC and 
KC molecules within the mixed mono- 
layer. The permeability of the lipid film to 
Tl + ions induced by the first phase tran- 
sition, and its abrupt decrease induced by 
the second phase transition, support the 
formation and subsequent disruption of 
pores across the lipid monolayer. 

Lipophilic ions As a rule, lipophilic ions 
tend to permeate the lipid monolayer on 
the negative side of the region of the ca- 
pacity minimum if cationic, and on the 
positive side if anionic. Such a permeation, 
which is due to electrostatic attraction for 
the charged electrode surface, causes a 
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progressive increase in the differential ca- 
pacity and a resulting narrowing of the 
region of the flat capacity minimum. The 
increase in capacity is ascribable to the 
charge displacement resulting from ion 
translocation from the polar heads to the 
mercury surface and backward across the 
hydrocarbon tail region, following the a.c. 
signal superimposed on the bias poten- 
tial; it may also be partly due to a certain 
destabilization of the lipid film and to a 
resulting increase in its permeability. The 
effect of lipophilic ions on the capacity 
minimum is analogous to that of other 
lipophilic compounds and may be sum- 
marized as follows. If the compound is 
simply “adsorbed” on top of the lipid film 
or intercalated between the polar heads, it 
will not affect the tail region, whose capac- 
ity Ct is much lower than that of the head 
region and close to that, C m , of the whole 
lipid monolayer. In this case the capacity, 

C c , of the film of the compound will be 
in series with Ct, causing a decrease in 
the overall capacity C ~ (C t -1 + C" 1 ) -1 . 

In general, this decrease will be low, be- 
cause the polarizability of the compound 
(and hence its C c value) is higher than that 
of the lipid tails. While remaining merely 
adsorbed in the polar head region, the 
compound may also determine a conden- 
sation and an increase in the alignment of 
the lipid monolayer, resulting in its thick- 
ening and in a decrease in capacity. On 
the other hand, if the compound “pene- 
trates” the tail region, the fraction 0 of 
the electrode surface covered by the com- 
pound will have a capacity C c higher than 
that, C m , of the pure lipid domains. As 
a rough approximation and disregarding 
any edge effects at the boundary between 
the two different domains, the overall ca- 
pacity is given by C = 9C c + (1 - &)C m 
and is, therefore, higher than that of the 
pure lipid film. The cationic phenothiazine 
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derivatives cause a moderate increase in 
the capacity minimum [40, 44]. The an- 
ionic diuretic furosemide causes an initial 
slight decrease in the capacity minimum 
at low bulk concentrations [33] and then an 
increase at higher concentrations [33, 44]. 
This may indicate that these anions start 
interacting with the polar heads at low 
concentrations, before penetrating the tail 
region at higher concentrations. All these 
ions depress and broaden peaks 1 and 2, 
just as neutral compounds. 

Small lipophilic ions such as 
tetraphenylphosphonium (TPhP + ) and 
tetraphenylborate (TPhB - ) prefer to be 
located in the polar head region (x sa f 
in Fig. 3) and in direct contact with the 
electrode surface (x « 0) rather than in 
the much less polarizable intermediate 
hydrocarbon tail region. We can therefore 
envisage two potential energy wells for 
these ions at x = 0 and x = fi, with a 
potential energy barrier in between [45]. 
The charge involved in a potential step 
from a potential negative (positive) enough 
for the anion (the cation) to be entirely 
located at x = f to a potential positive 
(negative) enough to induce a complete 
translocation of the ion to x = 0, once 
decreased by the charge involved in the 
same potential step in the absence of 
the incorporated ion, yields directly the 
opposite of the charge density of the ion in 
the lipid film. This procedure allowed the 
determination of the adsorption isotherms 
of the TPhP + and TPhB - ions in 
DOPC and DOPS monolayers [45]. In 
interpreting these isotherms, discreteness- 
of-charge effects were considered. 

Peptides and proteins The cationic an- 
tibiotic polymyxin narrows the minimum 
capacity region on the negative side 
and decreases the capacity minimum by 
~0.35 pF cm -2 [46]. This indicates that 


this peptide does not penetrate the hy- 
drocarbon tail region. Thrombin, which 
stimulates blood coagulation, results from 
the cleavage of the plasma protein pro- 
thrombin under the catalytic action of 
the prothrombinase complex in the pres- 
ence of Ca 2+ ions. This cleavage also 
yields two other molecular fractions of 
prothrombin, namely, fragment I and frag- 
ment II. It is generally assumed that 
prothrombin adheres to negatively charged 
membrane surfaces by Ca 2+ bridges be- 
tween the negative charges of PS and 
the y-carboxyglutamic acid residues of 
fragment I of prothrombin. By adsorbing 
prothrombin on PS monolayers supported 
by mercury, Lecompte and Miller [6, 47] 
found, however, that appreciable adsorp- 
tion is also obtained in the absence of 
Ca 2+ . This indicates that hydrophobic in- 
teractions are also operative, in addition 
to electrostatic interactions. Thus, for in- 
stance, by complexing Ca 2+ with EDTA, 
not all the prothrombin incorporated in 
a PS monolayer is displaced from the 
surface [5]. In the presence of prothrom- 
bin, the quadrature component of the 
electrode admittance shows a flat capac- 
itive minimum at about —0.5 V versus 
Ag/AgCl. At more negative potentials this 
is followed by a rounded pseudocapacity 
peak due to the reduction of the charge- 
transfer complex, (RS) 2 Hg or (RS) 2 Hg 2 , 
which the cystine residues form with 
the mercury surface atoms at the most 
positive potentials. The cysteine resulting 
from such a reduction tends to desorb 
(see Sect. 1.1. 3. 3. 2. 2). Both the capacity 
minimum and the pseudocapacity peak 
increase with the prothrombin concen- 
tration until about 3 pg cm -3 , when the 
capacity minimum, C, attains the limiting 
value of 7 pF cm -2 . This value is attained 
at higher prothrombin bulk concentra- 
tions if Ca 2+ is absent or if the pure PS 



monolayer is replaced by a mixed mono- 
layer of 75% PC and 25% PS. Expressing 
C by the equation C = 9C p + (1 — 6)C m , 
where C m is the capacity of the pure lipid 
monolayer and C p ~ 14 pF cm -2 is that of 
a pure protein monolayer, a limiting value 
of 0.4 is obtained for the surface cover- 
age 6 by the protein domain. The charge 
under the voltammetric peak for the re- 
duction of (RS) 2 Hg at a PS monolayer 
points to a maximum value of 4 out of 
the 12 cysteine residues present in a pro- 
thrombin molecule, indicating that not all 
its electroactive groups have access to the 
electrode surface. While the separate frag- 
ment I exhibits a behavior similar to that of 
prothrombin, fragment II, and thrombin, 
which do not contain y-carboxyglutamic 
acid residues and cannot attach to the 
negatively charged monolayers by Ca 2+ 
bridges, are insensitive to the presence of 
Ca 2+ and determine an increase in the 
capacity minimum only at higher bulk 
concentrations. The adsorption of pro- 
thrombin on PC monolayers is negligible, 
but it is appreciably increased in the pres- 
ence of Ca 2+ [5]; in this case the effect 
of Ca 2+ may be due to a decrease in the 
charge and in the resulting electrostatic 
repulsion between adsorbed prothrombin 
molecules. 

Lipoproteins are molecular aggregates 
that transport water-insoluble lipids in the 
blood plasma: they contain a core of neu- 
tral lipids, coated with a monolayer of 
phospholipids in which special proteins 
(apolipoproteins) and cholesterol are em- 
bedded. The interaction of apolipoprotein 
A-I with PC-coated mercury proceeds in 
steps when increasing progressively its 
bulk concentration, ca-i [48]. For ca-i < 
4 pg cm -3 the differential capacity min- 
imum C is not affected, but the con- 
comitant decrease in the orientation peaks 
of PC points to an interaction of apoA-I 
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with the polar heads of the lipid, possi- 
bly electrostatic, through its hydrophilic 
amino acids. With a further increase in 
ca-i the plot of C versus ca-i shows 
a first sigmoidal step, with a plateau at 
~4 pF cm -2 , which is then followed by 
a further sigmoidal step, with a plateau 
at ~7.5 pF cm -2 . These C versus ca-i 
steps correspond to two consecutive pen- 
etration steps into the hydrocarbon tail 
region, probably associated with two dif- 
ferent conformational changes of apoA-I. 

Ten mole percent cholesterol in the PC 
monolayer suppresses the second pene- 
tration step, while 25 mol% suppresses 
both steps. This may be explained by the 
cholesterol molecules rigidifying the lipid 
monolayer, thereby preventing it from as- 
sociating with some penetrating domains 
of apoA-I. 

Ion channels are responsible for the flow 
of hydrophilic ions across biomembranes 
along their electrochemical potential gra- 
dient, namely, from the membrane side 
where the electrochemical potential of the 
ion is higher to that where it is lower 
(passive transport). A widely investigated 
ion channel is gramicidin, a linear pen- 
tadecapeptide with helical structure that 
turns its hydrophobic groups toward the 
exterior of the helix and its hydrophilic 
carboxyl groups toward the interior. The 
length of a gramicidin channel is of 13 A, 
about one-half the thickness of a biomem- 
brane. To span a biomembrane, two helical 
monomers of gramicidin form a helical 
dimer, with the A -terminals of the dimer 
interacting in the center of the membrane. 

The resulting hydrophilic pore allows the 
transport of monovalent cations, such as 
alkali metal ions, across the membrane. 

The monomer of gramicidin incorpo- 
rated in a mercury-supported phospholipid 
monolayer has been reported by Nelson 
to act as an ion channel toward Tl + 
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ion, thus allowing its penetration across 
the monolayer and its electroreduction to 
thallium amalgam [49-54]. From a cyclic 
voltammetric and a chronoamperometric 
investigation of Tl + ion electroreduction 
through the gramicidin channel, Nelson 
proposed a CE mechanism, in which the 
rate-determining step is a preceding ho- 
mogeneous chemical step associated with 
Tl + entry into the channel prior to Tl + 
electroreduction [51, 52]. This electrode 
process at a mercury-supported phospho- 
lipid monolayer incorporating gramicidin 
was employed by Nelson as a model system 
to probe the effect of lipid charge, solution 
composition, and incorporation of biolog- 
ically active compounds on ion channel 
transport. Thus, it was shown that a nega- 
tively charged DOPS monolayer increases 
the rate of Tl + transport with respect to 
a neutral DOPC monolayer, while polyva- 
lent cations, such as Mg 2+ and Dy 3+ , have 
an opposite effect [52]. This is ascribed to 
the electrostatic interaction of this charge 
with Tl + ions in the immediate vicinity of 
the lipid film, with a resulting influence 
on their local concentration. Incorpora- 
tion of retinol in a gramicidin-modified 
DOPC monolayer accelerates Tl + trans- 
port, while incorporation of the aromatic 
pesticide dichlorodiphenyl trichloroethane 
(DDT) slows it down [51]. This is as- 
cribed to the effect of these neutral 
compounds within the monolayer on the 
energy barrier to the translocation of the 
ion within the channel. Rueda and Nelson 
et al. [53] investigated Tl + electroreduction 
in gramicidin-modified DOPC monolayers 
on mercury by electrochemical impedance 
spectroscopy. The potential, is m i n , of the 
minimum in the curve of the Warburg 
coefficient against potential was found 
to shift by 13 mV toward positive values 
with respect to the reversible half-wave 
potential for Tl + electroreduction at a 


bare mercury electrode. Since the CE 
mechanism previously proposed by Nel- 
son [51, 52] predicts a negative shift in 
£ m i n , a CEC mechanism was postulated, 
which provides a satisfactory fit to the 
impedance spectroscopic data. The chemi- 
cal step preceding the electrochemical step 
was again treated as homogeneous, while 
no interpretation was provided for the fol- 
lowing chemical step. The same system 
was investigated by Becucci et al. [55] by 
the potential-step chronocoulometric tech- 
nique. On a bare mercury electrode, the 
thallous ion is electroreduced to a thallium 
amalgam, giving rise to a sigmoidal curve 
of the chronocoulometric charge Q{t , E) 
at constant t = 100 ms versus the final po- 
tential E, as shown in Fig. 6, curve a. Its 
rising section exhibits a Nernstian behav- 
ior and its plateau is exclusively controlled 
by diffusion. If the mercury electrode is 
coated with a phospholipid monolayer, the 
thallous ion cannot permeate the film and 
hence no reduction current is observed. 
If gramicidin is incorporated in the lipid 
monolayer, the sigmoidal charge versus 
potential curve for thallous reduction reap- 
pears (solid curve b in Fig. 6). The rising 
section still exhibits a Nernstian behav- 
ior, but the plateau is lower because it is 
controlled not only by diffusion but also 
by the rate of penetration of the thallous 
ions into the ion channel. This behavior 
can be explained quantitatively by a mech- 
anism that includes the diffusion of the 
thallous ions toward the lipid film and 
a potential-independent “heterogeneous” 
step consisting in the dehydration of the 
ion and its binding to a site located at the 
mouth of the ion channel. The further step 
involving the surmounting of a potential 
energy barrier located somewhere in the 
middle of the channel is considered to be 
in quasiequilibrium, and hence its poten- 
tial dependence is of the Nernstian type. 
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Fig. 6 Plots of the ratio of the chronocoulometric charge Q (t = 100 ms) to its 
diffusion limiting value Qj against (£ — £°), obtained from a 0.1 M KCI aqueous 
solution containing 4 x 10~ 4 M Tl + + 1 .5 x 10~ 7 M gramicidin by stepping from a 
fixed initial potential £, = —0.250 V/SCE to progressively more negative potentials: 
(a) on bare mercury, (b) on mercury coated with a DOPC monolayer upon stirring 
to allow gramicidin incorporation, (c) on mercury coated with a DOPC monolayer 
containing 23 mol% 6-ketocholestanol upon stirring. The dashed curves were 
calculated on the basis of the mechanism outlined in the text [55], 


Since the transfer of the thallous ion in 
direct contact with the metal surface to 
the mercury with amalgam formation is 
expected to be Nernstian, the dependence 
of the faradaic charge upon the overall ap- 
plied potential E is also Nernstian. The 
mechanism predicts a plateau that is con- 
trolled partially by diffusion toward the 
film and partially by the binding step at 
the mouth of the channel; it also predicts 
a positive shift in the half-wave potential 
with respect to the formal potential, E°, of 
the thallous ion/thallium amalgam couple 
by an amount equal to (RT/F) \n(Q&/ Q\), 
where Q a is the diffusion limiting charge 
and Q\ is the limiting charge in the pres- 
ence of the gramicidin-modified DOPC 
film. This prediction agrees with experi- 
ment, as shown by the dashed curve b 


in Fig. 6, which was calculated on the 
basis of the above mechanism. More 
recently, Rueda and coworkers [56], by 
investigating this system by electrochem- 
ical impedance spectroscopy, postulated 
an additional homogeneous chemical step 
mimicking the deactivation and release of 
a Tl + -gramicidin intermediate from the 
electrode surface, in competition with the 
surmounting of the potential energy bar- 
rier located within the channel. 

Two lipophilic neutral molecules are 
commonly incorporated into membranes 
with the aim of altering their dipole po- 
tential, namely, phloretin, which creates a 
dipole potential negative toward the inte- 
rior of the lipid film, and KC, which creates 
a dipole potential positive toward the inte- 
rior, because of the presence of a carbonyl 
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group [57, 58]. As expected, incorporation 
of phloretin in the lipid monolayer con- 
taining gramicidin has no effect on the 
charge versus potential curve for thallous 
ion reduction [55]. In fact, the favorable 
dipole potential created by phloretin, neg- 
ative toward the interior of the film, cannot 
accelerate the overcoming of the potential 
energy barrier more than predicted by a 
Nernstian-type behavior. Conversely, the 
unfavorable dipole potential, positive to- 
ward the interior of the film, created by 
incorporating 23 mol% KC in the DOPC 
monolayer, slows down this intermediate 
step by increasing the height of the poten- 
tial energy barrier within the ion channel. 
This leads to a decrease in the rate con- 
stant for the surmounting of the barrier, 
which has the typical Butler-Volmer de- 
pendence upon the applied potential. This 
causes a drawing out of the charge ver- 
sus potential curve for Tl + reduction. The 
solid curve c in Fig. 6 is the experimen- 
tal Q(t = 100 ms) versus ( E — E°) curve, 
whereas the corresponding dashed curve 
was calculated on the basis of the pertinent 
mechanism. 

1.3. 1.2. 3. 2 Electroactive Compounds Re- 
tinal, the aldehydic form of vitamin A, 
is the light-absorbing molecule of the vi- 
sual system of all organisms that possess 
image-producing eyes. A cyclic voltammet- 
ric investigation of retinal incorporated in 
mercury-supported phospholipid mono- 
layers was carried out by Nelson [59], 
Incorporation in a DOPC monolayer yields 
a single irreversible voltammetric peak 
that shifts by 62 mV toward more nega- 
tive potentials per each unitary increment 
in pH and is tentatively ascribed to reduc- 
tion to the corresponding alcohol, retinol. 
Incorporation of retinal in DOPS or DOPE 
monolayers causes the reduction peak to 


split into two. The more positive peak de- 
pends weakly on pH at pH values < 8 and 
is tentatively ascribed to the reduction of 
a Schiff base formed between retinal and 
the amino group of DOPS or DOPE. In 
fact, the Schiff base is known to be re- 
duced at potentials more positive than the 
corresponding aldehyde and is expected 
to be mainly in the protonated form at 
pH values < 8, in view of its tpK a value of 
about 8. 

Ubiquinone-10 (UQ) is an important, 
ubiquitous biomolecule that is present 
in many membranes and acts as a pro- 
ton and electron carrier in the respiratory 
chain of the mitochondrial membrane. 
The mechanism of its reduction inside 
a phospholipid monolayer supported by 
mercury was investigated by carrying out a 
series of consecutive potential steps from a 
fixed initial value where UQ is still elec- 
troinactive, to progressively more negative 
potentials [60]. The charge Q{t) following 
each potential step was recorded versus the 
time t elapsed from the instant of the step 
for 50 ms, after which the potential was 
stepped back to the initial value, where 
ubiquinol is completely reoxidized to UQ. 
Figure 7 shows a series of curves of the 
charge Q(t) as a function of time for pro- 
gressively more negative final potentials, 
as provided by a DOPC monolayer con- 
taining 1 mol% UQ. At the less negative 
potentials at which UQ is still electroinac- 
tive, the charge Q(t ) increases abruptly in 
less than 1 ms, owing to the flow of the ca- 
pacitive current that is required to charge 
the interphase, and then remains constant 
in time. At more negative final potentials 
Q(t) increases in time first abruptly, ow- 
ing to the capacitive contribution, and then 
more slowly, because of the gradual elec- 
troreduction of UQ in time. With a further 
negative shift of the final potential, the rate 
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Fig. 7 The left-hand side of the figure shows 
Q(t) versus t curves for 1 mol% UQ reduction in 
a 0.075 M borate buffer of pH 9.4, as obtained by 
stepping the potential from a fixed initial value 


Ej = —0.200 V/SCE to final values E varying from 
—0.225 to —0.700 V in 25 mV increments. The 
right-hand side shows the corresponding 
Q(t = 50 mV) versus E curves [60], 


of UQ electroreduction increases progres- 
sively, until ultimately the UQ incorpo- 
rated in the lipid monolayer is completely 
reduced in less than 1 ms, afterwhich Q(t) 
becomes again independent of time. Plot- 
ting the charge Q (t ) at a constant electroly- 
sis time, say 50 ms, against the applied po- 
tential yields a sigmoidal curve, with a ris- 
ing portion preceded by a sloping foot and 
followed by a sloping plateau, as shown in 
Fig. 7. The foot and the plateau run prac- 
tically parallel, and their common slope is 
a measure of the differential capacity of 
the lipid monolayer. The faradaic contri- 
bution, Qf (?), to <2(0 due to the reduction 
of UQ is readily estimated by measuring 
the charge from the straight line obtained 
by extrapolation of the foot of the charge 
versus potential curve. The maximum 
limiting value 2f, max attained by Qf(0 
measures the charge involved in the com- 
plete reduction of the U Q incorporated in 


the film and agrees with a two-electron 
reduction of UQ to UQTQ, for UQ con- 
centrations in the lipid film < 1 mol%. 

The charge versus time curves at dif- 
ferent potentials and pH values allow the 
mechanism of UQ reduction to be clar- 
ified on the basis of a general approach. 
UQ reduction takes place via the reversible 
uptake of one electron yielding the UQ 
radical anion, UQ - ', followed by the rate- 
determining protonation of this radical 
anion yielding the corresponding neutral 
radical, UQH': 

Equilibrium 

UQ + e < > UQ"* 


[UQ]/[UQ— ] = exp 


RT 


( E 


UQ“' + H+ UQH' 


Rate = &[H + ][UQ“ 



( 10 ) 
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This rate-determining step is followed by 
the rapid uptake of a further electron and 
a further proton yielding the final product, 
ubiquinol. The rate of consumption of UQ 
is therefore proportional to the hydrogen 
ion concentration of the buffer solution 
adjacent to the lipid monolayer times 
the concentration of the UQ~" radical 
anion; this can be expressed as a function 
of the UQ concentration, [UQ], via the 
Nernst equation as applied to the first 
electron-transfer step in quasiequilibrium. 
The resulting differential equation can 
be integrated by separation of variables 
between time t = 0, when [UQ] = [UQ] in , 
and a given time t: 


F 

A\UO] , (E-E°) 

= — k[H+][UQ]e RT ; 
df 


[UQ](t) 

/ 

[UQh 


[UQ] 


The UQ concentration at a given time 
t is kept constant if the faradaic charge 
<2f(Q that consumes the initial UQ 
concentration, [UQ]i n , is kept constant. 
Plotting FE /(2.3 RT) versus log t at 
constant pH and Q f yields a roughly 
straight line of unit slope, and the same 
result is obtained by plotting FE/ (2.3 RT) 
versus - pH at constant t and Q f , in 
agreement with Eq. (12) and, therefore, 
with the mechanism of Eq. (10). 

The oxidation of ubiquinol-10, UQH 2 , 
incorporated in a DOPC monolayer was 
investigated by cyclic voltammetry using 
an approach perfectly analogous to that 
adopted for the above chronocoulomet- 
ric measurements [61]. Thus, upon noting 
that the potential E p of the voltammet- 
ric peak for UQH 2 oxidation practically 
corresponds to a constant faradaic charge 
Q f, the quantity FE p / (2.3 RT) was plotted 
against the logarithm of the scan rate, log v, 
at constant pH as well as against - pH at 
constant v. The unit slope of both these 
plots points to the mechanism: 


If the UQ concentration at the given 
time t, [UQ](f), is kept constant, then the 
integral in Eq. (11) is also constant, and 
the same is true for the corresponding 
right-hand side. Keeping the right-hand 
side constant allows one to write it in such 
a way as to express the applied potential 
£ as a function of electrolysis time t at 
constant pH, or else as a function of pH at 
constant t: 

F 

E = log t + constant 

2.3 RT 6 

for constant [H + ] and [UQ] 

F 

E = —pH + constant 

2.3 RT v 

for constant t and [UQ] 

( 12 ) 


UQH 2 - e~ < » UQH+-; UQH+- 

rds 

+ OH - » UQH* + H 2 0; 

UQH- + OH~ - e“ < » UQ + H 2 0 

(13) 

A reversible uptake of the first trans- 
ferring electron followed by a rate- 
determining protonation step, as in the 
case of UQ reduction (see Eq. 10), was also 
reported for the reduction of oxidized glu- 
tathione [62] and of diphenyl disulfide [63] 
incorporated in DOPC-coated mercury, on 
the basis of cyclic voltammograms yielding 
a unit slope for the plot of FE p /( 2.3 RT) 
versus - pH at constant v. 

The chronocoulometric procedure em- 
ployed for UQ was also adopted to study 



the electrochemical behavior of vitamin 
Ki, an essential constituent for blood co- 
agulation, upon incorporating this physio- 
logical quinone in a self-assembled DOPC 
monolayer supported by mercury [64]. The 
mechanism of Ki reduction and that of 
oxidation of the corresponding quinol, 
K 1 H 2 , are analogous to those for the 
UQ/UQH 2 couple. The only difference is 
represented by the fact that, in K 1 H 2 oxi- 
dation, the main proton acceptor involved 
in the rate-determining deprotonation of 
the KiHj* cation radical is H 2 O, rather 
than OH - . Consequently, the kinetics of 
K 1 H 2 oxidation is independent of pH. The 
chronocoulometric procedure was also 
employed to study the electroreduction 
of the polyaromatic cation safranine [65] 
and that of the azocrown ether LI 6 to 
the corresponding hydrazo form [66], both 
incorporated in a Hg-supported DOPC 
monolayer. The data analysis, carried out 
on the basis of Eq. (12), points to a re- 
versible electron-transfer step followed by 
a rate-determining protonation step, as in 
the case of UQ reduction. 

Viologens are electroreduced in two 
pH-independent electron-transfer steps, 
V 2+ y+ and y+ v°. Chronocoulo- 
metric measurements on the lipophilic 
dioctadecylviologen (Cis) 2 V 2+ (henceforth 
briefly denoted by V 2+ ) incorporated in 
a DOPC monolayer, carried out by the 
same potential-step procedure adopted for 
UQ (see, e.g. Fig. 7), yield two sigmoidal 
waves in the plot of the charge Q(t, £ ) 
against the applied potential E at con- 
stant electrolysis time t = 100 ms: the first 
chronocoulometric wave is three times 
higher than the second [67]. At V 2+ con- 
centrations less than 1 mol% the overall 
height of the two waves corresponds to the 
uptake of two electrons per V 2+ molecule 
in the lipid monolayer. The plot of In t ver- 
sus FE/(RT), as obtained from the Q(t, E ) 
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versus t curves at different potentials E by 
keeping the faradaic charge constant at a 
value corresponding to the first Q versus 
E wave, is linear and exhibits a slope of 3. 

This slope can be rationalized on the basis 
of the mechanism: 

E ? El 

V 2+ + e < > V+; V+ + e * > V°; 

„ rds, k 

V+ + V° * V+ (14) 

where the first two elementary charge- 
transfer steps are in quasiequilibrium 
and the third one is a chemical rate- 
determining step. In this case the rate 
v of the process is given by: 

_ d[Vj] _ 1 d[V 2+ ] 

df 2 df 

= kexp[/(2£? + £°)][V 2 +] 2 

exp(— 3/ E) with : f = -£- (15) 

where the concentrations [V + ] and [V°] 
are expressed as a function of [V 2+ ] 
through the corresponding Nernst equa- 
tions: [V 2+ ]/[V+] = exp [/(£ - £°)] and 
[V+]/[V°] = exp [f(E - El)]. By integrat- 
ing this equation after separation of vari- 
ables we obtain: 

[V 2+ ]* 

J d[V 2+ ]/[V 2+ ] 2 = 2kexp[/(2£’j 

[V 2 +](0 

+ £ 2 °)]exp[-3/£]t (16) 

where [V 2+ ]* is the initial viologen con- 
centration. This equation shows that, if we 
extract from the Q{t , £) versus t curves the 
pairs of values of t and £ corresponding to 
a constant value of Q (and, hence, to a con- 
stant value of the concentration [V 2+ ](r) of 
the still unreduced V 2+ species), the left- 
hand side of Eq. (16) is kept constant and, 
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therefore, the same is true for the right- 
hand side. This explains the slope of 3 for 
the lnr versus FE/(RT) plot. The mech- 
anism of Eq. (14) is consistent with the 
presence of two Q(t = 100 ms, E) versus 
E waves, the first of which is three times 
higher than the second. Since the overall 
height of the two waves corresponds to 
the uptake of 2 F mol -1 of V 2+ , the two 
consecutive waves involve the uptake of 
3/2 and 1/2 of 1 F, respectively. The pro- 
cesses responsible for the two waves are 
therefore: 

2V 2+ + 3e * V+; Vj + e > 2V° 

(17) 

the first of which agrees with the mech- 
anism of Eq. (14). All the main features 
of the dependence of Q(E,t) upon t and 
E are quantitatively accounted for on the 
basis of the above mechanism [67]. Thus, 
for instance, the increasing separation be- 
tween the two waves with an increase 
in [v 2+ ]* is explained by the increasing 
stability of the V2 + dimer with respect 
to the two V 2+ and V° monomers. V 2+ 
acts as an electron-transfer mediator from 
Fe(CN)6 3- dissolved in the aqueous so- 
lution to the mercury surface across the 
DOPC monolayer, which is impermeable 
to Fe(CN)6 3- in the absence of V 2+ . 

An analogous mechanism is operative 
in the reduction of the diheptylviologen 
dication (07)2 V 2+ incorporated in a DOPC 
monolayer [68]. The main difference is 
represented by the fact that (C7)2V 2+ 
is incorporated in the lipid monolayer 
from its aqueous solution, where it is 
sparingly soluble. The incorporation step 
is diffusion controlled. Consequently, the 
chronocoulometric Q(E, t ) versus t curves 
along the plateau of the two waves consist 
of a capacitive contribution Q c , a faradaic 
contribution Q f due to the amount of 
viologen incorporated under equilibrium 


conditions at the initial potential £/ 
where it is still electroinactive, plus a 
further faradaic contribution Q& due to 
(Cy)2V 2+ diffusion from the bulk solution 
during the electrolysis time t at the 
final potential E. While the first two 
contributions flow almost instantaneously, 
2d increases progressively in time and 
its time dependence is expressed by the 
Cottrell equation, Q&(t) = 2nF(Dt 
[(C7)2V 2+ ]*, where n is the number of 
Faradays exchanged per mole of the 
reactant and D is the diffusion coefficient 
of the latter. The slope ofthe linear Q(E, t) 
versus t x / 2 plots is indeed proportional to 
the viologen bulk concentration and yields 
an n value of 1.5 along the plateau of the 
first wave and of 2 along the second one, in 
agreement with the mechanism of Eqs (15) 
and (17). 

1.3. 1.3 Thiol SAMs on Hg 

The formation of thiol monolayers on Hg 
was first reported by Kolthoff and cowork- 
ers [3, 69] in studies of the cysteine/cystine 
system by dc polarography. These authors 
demonstrated that thiol films form spon- 
taneously on Hg in solutions containing 
cysteine. These initial findings started a 
series of investigations on the formation 
of films of water-soluble thiols on Hg 
from their aqueous solutions. However, 
many of these investigations were focused 
on electroanalytical detection of thiols by 
stripping [70-72] or square-wave voltam- 
metry [73-75] under conditions in which 
the amount of the thiol deposit on Hg is 
proportional to its bulk concentration, that 
is, at submonolayer levels. The mechanism 
of formation of these SAMs on mercury 
was barely investigated [76-79]. Only af- 
ter the extensive studies of self-assembled 
alkanethiols and their derivatives on gold, 
which have provided a route to well- 
ordered, oriented monolayer films [80, 81], 



the use of liquid mercury in place of 
gold [16, 82-87] has attracted much in- 
terest because of the unique properties 
of this liquid metal. Like Au, Hg has a 
high affinity for thiols. However, Hg has a 
homogeneous, featureless, defect-free sur- 
face, while Au exhibits surface steps and 
kinks that play a significant role in es- 
tablishing defects in the deposited films. 
Moreover, mercury electrodes are readily 
renewable and there is no need to condi- 
tion them prior to use. 

1.3.1 .3.1 Preparation Methodology and 
Procedures Water-soluble thiols, such 
as cysteine, self-assemble spontaneously 
on mercury from their aqueous solutions. 
As distinct from phospholipids, the self- 
assembly is accompanied by partial or total 
electron transfer from the sulfhydryl group 
to the metal and by concomitant sulfhydryl 
deprotonation, according to the general re- 
action: 

Hg + RSH Hg - SHi_«R + a- “ 

+ Xe + aH + (18) 

Here X is the partial charge-transfer co- 
efficient, namely, the fraction of electron 
charge transferred from a sulfur atom to 
the mercury upon adsorption, and a is 
the degree of dissociation of the sulfhydryl 
group. Since partial electron transfer from 
the sulfhydryl groups and their deproto- 
nation are strictly correlated events, a and 
X are expected to assume close values. 
The Hg notation is merely used to denote 
chemisorption of the RSH thiol on Hg, 
and has no stoichiometric implications. 
As a matter of fact, under conditions of to- 
tal charge transfer (a = X = 1), formation 
of mercurous [3, 69] or both mercurous 
and mercuric [77, 79] thiolate monolayers 
has been postulated. However, no definite 
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evidence for the formation of these mono- 
layers can be gained, because the passage 
from mercurous to mercuric thiolate does 
not involve a flow of electrons along the 
external circuit. Moreover, referring to 
mercurous or mercuric thiolate monolay- 
ers becomes meaningless in the case of 
partial charge transfer. 

Self-assembly of thiols on Hg also takes 
place under open-circuit conditions, with 
hydrogen evolution in the absence of 
oxygen or, much more easily, with oxy- 
gen reduction to water in its presence. 
Thus, full SAMs of 6-thioguanine and 6- 
thioguanosine were reported to form on an 
HMDE under open-circuit conditions only 
in the presence of oxygen [88]. In this case, 
the reaction of Eq. (18), with X = 1, pro- 
ceeds to full electrode coverage because it 
occurs simultaneously with oxygen reduc- 
tion, which removes electrons from the Hg 
electrode. In the absence of oxygen, these 
electrons can only be removed through the 
flow of an oxidation current along a closed 
electric circuit, at an appropriate applied 
potential. As a rule, transfer of SAMs of 
rather soluble thiols from the thiol solu- 
tion in which they have been formed to 
a thiol-free solution in the same solvent 
causes a partial dissolution of the SAM. 
Thus, a SAM of mercaptopropionic acid 
in a thiol-free solution is disrupted on a 
Hg support, but not on a Au support. This 
may be due to the lower Hg— S binding en- 
ergy (~200kJ mol -1 ) with respect to the 
Au— S binding energy (~400 lcj mol -1 ), or 
also to a slight, but detectable, tendency of 
Hg-thiol adducts such as Hg(SR )2 to dis- 
solve [73]. No such dissolution of gold by 
thiols has ever been reported. 

SAMs of water-insoluble thiols, such as 
long-chain alkanethiols, at the Hg-water 
interface are usually obtained by immers- 
ing a mercury drop in a 20% (by volume) 
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solution of the thiol in ethanol or hexade- 
cane from 10 seconds to 2 minutes [82, 
86]. The thiol-coated mercury drop ob- 
tained by this “soaking procedure” is then 
rinsed with the solvent to remove un- 
adsorbed alkanethiol and immersed into 
the aqueous solution. Another procedure 
(spreading procedure) consists in spread- 
ing an amount of thiol corresponding to six 
to nine monolayers, dissolved in a suitable 
solvent (e.g. pentane or hexane), on the 
surface of an aqueous solution, allowing 
the solvent to evaporate and immersing 
the mercury electrode into the solution 
through the thiol film at a well-defined 
velocity [86]. After one or two immersions 
and subsequent emersions, an alkanethiol 
monolayer is formed, with the sulfur 
atoms firmly bound to the surface of the 
mercury drop and the alkyl chains exposed 
to the solution. These SAMs are stable for 
a long time in thiol-free aqueous solutions. 
Normal handling of an HMDE coated with 
these SAMs, such as rinsing, mounting 
in a cell, or stirring the solution with a 
stir bar, does not affect the SAM prop- 
erties. Naturally, long-chain alkanethiols 
insoluble in water are soluble in organic 
polar solvents such as ethanol [16, 85] and 
acetonitrile [84]: in electrolytic solutions of 
these solvents they can self-assemble on 
Hg and be investigated by electrochemical 
techniques. Same considerations apply to 
alkanethiols with up to eight carbon atoms 
in 0. 2-0.5 M NaOH aqueous solutions, 
where they are soluble under the form of 
alkanethiolates [74, 87]. 

1.3. 1.3. 2 Structure and Physical Properties 

of Thiol SAMs on Mercury 

1.3.1 .3.2.1 Surface-sensitive Techniques 

Owing to the difficulty of applying surface- 
sensitive techniques to a liquid surface 
such as mercury, only very few struc- 
tural investigations by these techniques 


are available in the literature. The structure 
of SAMs of n -alkanethiols with a number 
« c of carbon atoms from 8 to 30 on mer- 
cury was investigated by grazing-incidence 
X-ray diffraction (GIXD), which is sensi- 
tive to the molecular structure within the 
surface plane [89]. The main result was 
the observation that these SAMs have no 
in-plane long-range order, as opposed to 
analogous SAMs on solid supports such 
as Au, or to Langmuir monolayers on 
aqueous or organic subphases. This dif- 
ference in behavior is explained by a 
competition between interchain van der 
Waals interactions within the monolayer 
and interactions of the monolayer with 
its support. On a solid support such as 
Au(lll), the strong Au— S bonds prevail 
over interchain interactions, imposing a 
well-defined long-range order; the small 
mismatch between this support and alkane 
spacings is compensated by a molecular tilt 
of ~30°. In Langmuir monolayers the or- 
der is induced by interchain interactions, 
which exceed the strength of the hydro- 
gen bonds between the monolayer and the 
subphase, at least for alkanethiols with 
n c > 10-15. On liquid mercury the strong 
Hg— S interactions prevail over interchain 
interactions, but since the liquid mercury 
surface has no intrinsic long-range order, 
there is no underlying corrugation poten- 
tial to order the thiol SAM. Alkanethiol 
SAMs on Hg were also investigated by 
X-ray reflectivity [89], which probes the 
electronic density profile along the surface 
normal. Figure 8 shows this normalized 
profile for bare Hg (dashed line) and 
for «-octadecanethiol and «-dodecanethiol 
monolayers. This was obtained by fitting 
the reflectivity data to a density-dependent 
model reflectivity calculated from the 
Born approximation. The atomic surface 
layering of bare mercury persists in the 
thiol-covered surface, indicating that the 



Fig. 8 Schematic real-space model and 
normalized electron density 
profiles < p (z) > / yOoo (where poo is the 
bulk electron density of mercury) 
obtained from the fits of reflectivity data 
to a density-dependent model for 
n-octadecanethiol (bold line) and 
n-dodecanethiol (thin line). The upper 
and lower figures are aligned with each 
other. Vertical lines in the model mark 
the position of the three outermost 
surface layers of mercury, with the origin 
of z coinciding with the first mercury 
layer [89]. 



thiol monolayer induces no major changes 
in the liquid/(metal surface) structure. In 
both cases, the surface roughness, esti- 
mated from the width of the density profile 
of the outermost mercury layer, is about 
1 A. The only differences with respect to 
bare mercury are a shoulder in the den- 
sity profile at the position of the sulfur 
atoms, a slight decrease in the amplitude 
of the first mercury layers, and a step at 
the position of the alkyl chain. The length 
of this step matches that of the fully ex- 
tended alkanethiol molecules, pointing to 
a vertical orientation of these molecules 
within the SAM. The high SAM elec- 
tron density (0.34 ± 0.02 eA~ 3 ), which 
is close to that in crystalline alkanes, 
points to a densely packed monolayer. 
This agrees with a cross-sectional area 
per molecule of 19.23 A 2 , estimated from 
the in-plane peaks of the GIXD pat- 
terns of thiol multilayers on Hg, where 
an in-plane order is observed [90]. A 
vertical orientation appears only when 


strong headgroup- mercury interactions 
exist. For alkanes, lacking such head- 
groups, only lying-down phases on mer- 
cury are found [91], while fatty acids, which 
interact with Hg more weakly than thi- 
ols, exhibit standing-up phases at high 
coverage and lying-down phases at low 
coverage [92]. 

An attempt to obtain scanning tunneling 
microscopy (STM) images of alkanethiol 
SAMs on mercury was made by Bruckner- 
Lea et al. [93], A mercury sessile drop, 
whose volume was regulated by a syringe, 
was partially coated with H-octanethiol by 
exposing it to the thiol vapor for less 
than 2 minutes. Using the constant height 
mode, the STM images of bare mer- 
cury show broad oscillations along the 
slow-scan ( y ) axis, but not along the fast- 
scan (x) one. These y-directed oscillations, 
due to slow waving of the mercury sur- 
face, were avoided by resetting the height 
baseline at every .r scan. In this way, STM 
images of bare mercury appear smooth, 
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while those of thiol-coated mercury show 
large surface features. In particular, by 
decreasing the drop volume slightly, the 
sessile drop maintains its spherical shape, 
thus suggesting that the thiol film is in 
the liquid-like region of the surface pres- 
sure-area curve. Under these conditions, 
the STM image shows reproducible islands 
of similar tunneling current on a back- 
ground of lower tunneling current. As the 
volume of the sessile drop is decreased fur- 
ther, the drop assumes a flattened shape 
owing to an increase in the surface area-to- 
volume ratio. This suggests that the thiol 
film is now in an ordered two-dimensional 
solid state. The resulting STM images 
show small parallel «-octanethiol ridges 
of higher current density (1-10 nA high). 
Unfortunately, no STM images of single 
thiol molecules have been obtained so far 
on Hg. 

1.3. 1.3. 2. 2 Electrochemical Properties 

Soluble thiols The electrochemical behav- 
ior of water-soluble thiols is exemplified by 
cysteine, which is one of the most exten- 
sively investigated. At an HMDE cysteine 
yields a dc adsorption polarographic pre- 
wave over a pH range from 2 to 9 [3, 69]. 
This is due to cysteine adsorption with par- 
tial charge transfer, according to Eq. (18). 
At very low cysteine concentration the 
limiting current of this prewave is dif- 
fusion controlled. At concentrations >~ 
2 x 10“ 4 M the growing area, A(t), of 
the drop is instantaneously covered by a 
compact thiol monolayer as soon as it pro- 
trudes from the capillary orifice, and the 
mean limiting current attains a maximum 
value that does not increase with a further 
increase in the thiol bulk concentration. 
Under these conditions the charge Q(t) 


transferred to the mercury upon adsorp- 
tion is equal to T m A(f), where T m is 
the maximum surface concentration of 
the thiol. Hence, noting that A(t) equals 
0.85 m 2 / 3 ? 2 / 3 in view of the volume of 
the spherical drop being proportional to 
the time t elapsed from drop birth, the 
maximum mean limiting current is given 
byi m (r) = Q(t)/t = 0.85A/ r r m ;w 2 / 3 t _1 ' /3 , 
where m is the mercury flow rate. This 
equation allows kFT m to be estimated 
at ~70 pC cm -2 . This value corresponds 
to a compact cysteine SAM for X = 1. 
This indicates that in the present case 
charge transfer is total; in practice, total 
charge transfer can be safely assumed for 
all soluble thiols. Any arguments in fa- 
vor of the formation of a mercurous or 
mercuric cysteine thiolate monolayer are 
purely hypothetical [3, 69, 77, 79]. Sim- 
ilar dc oxidation prewaves are observed 
with many thiols, such as benzyl mer- 
captan, 1-butanethiol and 1-decanethiol in 
0.2 M NaOH [74], and 2-mercaptopyridine 
N-oxide [78]. At more positive potentials, 
cysteine and other water-soluble thiols [74] 
yield a dc polarographic wave (the so-called 
main wave) that starts developing as soon 
as the prewave has attained its maximum 
limiting height and whose limiting current 
is diffusion controlled. There is no general 
consensus on the nature of the resulting 
oxidation product. For 2-mercaptopyridine 
N-oxide the formation of the correspond- 
ing disulfide was postulated [78]. In the 
case of cysteine, it is usually assumed that 
the product is a Hg(I) thiolate [69, 74, 77] 
which, being insoluble in water, dispro- 
portionates into the corresponding Hg(II) 
thiolate and Hg [74]. Since Hg(II) thiolate 
is also sparingly soluble in water, it is ex- 
pected to ultimately deposit and form a 
multilayer on the mercury surface [74, 75]. 
Linear sweep voltammograms of cysteine 
at an HMDE yield an oxidation peak that 



levels off when the charge under the peak 
attains a maximum limiting value of about 
80 pF cm -2 [76], in fairly good agreement 
with the charge estimated from the corre- 
sponding dc adsorption prewave. 

The dc polarographic main wave has of- 
ten been ascribed to a faradaic process 
inhibited by the film formed during the 
prewave and which may proceed only af- 
ter a breakdown of this film [69, 74]. As 
a matter of fact, it is quite probable that 
the prewave is due to a process facilitated 
by adsorption of the product of the elec- 
trode reaction of Eq. (18), with X = a = 1, 
with respect to the case in which the mer- 
cury thiolate is not adsorbed. Differently 
stated, the free energy involved in the for- 
mation of the prewave is decreased by an 
amount corresponding to the free energy 
of adsorption of the mercury thiolate, and 
therefore the prewave is developed at a 
less positive potential than in the absence 
of mercury thiolate adsorption [94]. The 
main wave starts to develop at bulk thiol 
concentrations at which there is no longer 
room for adsorbed product molecules on 
the drop surface, and the product must 
diffuse away from the electrode. If the 
product is sparingly soluble, as in the case 
of mercury cysteine thiolate, it may also de- 
posit on the drop surface, at least partially. 
This seems to be the case with cysteine. 
Thus, if a stationary mercury electrode is 
pretreated in a cysteine solution at a poten- 
tial positive of the rising portion of the dc 
polarographic main wave, and is then sub- 
jected to a negative linear potential scan, a 
voltammetric reduction peak is observed. 
This is ascribed to the release of electrons 
from the mercury to the sulfur atoms of ad- 
sorbed cysteine according to the backward 
reaction of Eq. (18), with release of cys- 
teine molecules to the aqueous solution. 
However, the charge under this reductive 
desorption peak has often been found to 
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be greater than that of the corresponding 
oxidative adsorption peak or, equivalently, 
of the oxidative adsorption dc prewave [69]. 

This excess charge may be ascribed to re- 
duction of a mercury thiolate multilayer 
formed on top of the thiol chemisorbed 
monolayer in direct contact with mercury, 
during the pretreatment [74, 75]. 

Quite often, the reductive desorption 
peak of cysteine and of other thiols [74, 

75, 78] has been reported to split into two, 
usually at relatively high concentrations. 
Different tentative explanations have been 
provided for this splitting. Thus, it was 
attributed to the presence of both mer- 
curic and mercurous cysteine thiolates in 
the film, with the less negative peak be- 
ing due to the Hg(I) compound [79], or 
to the result of “compacting” of the mer- 
curic cysteine thiolate film [76]. The fact 
that the additional peak appears at a less 
negative potential than the single peak 
present before the splitting as soon as the 
bulk concentration becomes higher than 
that required for the formation of a com- 
pact monolayer under diffusion control 
strongly suggests that it is due to disso- 
lution of a mercury thiolate multilayer on 
top of the monolayer in direct contact with 
the mercury surface [75]. The latter mono- 
layer is expected to be more difficult to 
reduce than the overhanging multilayer 
if the Hg— S bond is stronger than the 
interaction forces within the multilayer. 

Cystine, the disulfide resulting from 
the chemical oxidation of cysteine, 
chemisorbes on Hg with cleavage of the 
— S— S— bond and formation of two Hg— S 
bonds [3, 77, 79, 95]. The resulting film 
is, therefore, analogous to that resulting 
from cysteine chemisorption. The first 
dc polarographic reduction wave [77] (or 
the first voltammetric reduction peak [76]) 
of a cystine solution has the character 
of a desorption wave resulting from the 
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transfer of negative charge from the 
mercury to the sulfur atom of the adsorbed 
monolayer and release of cysteine to 
the solution. As distinct from a cysteine 
solution, this desorption wave is followed 
by an irreversible diffusion-controlled 
wave [77], because of the electroreduction 
to cysteine of bulk cystine diffusing toward 
the electrode. The irreversible character of 
the latter wave may possibly be due to 
a slow cleavage of the — S— S— bond [79]. 
Aqueous solutions of cystine also yield 
a dc polarographic oxidative adsorption 
wave, which is ascribed to an irreversible 
electron transfer from the S atoms to 
mercury [77]. The foot of this adsorption 
wave is characterized by a positive 
pseudocapacitive current, as distinct from 
the negative purely capacitive current 
exhibited by the supporting electrolyte 
alone. This is ascribed to a reversible partial 
electron transfer from S to mercury [77]. 

«-Alkanethiolates with a number « c of 
carbon atoms from two to eight yield two 
voltammetric oxidation peaks in aqueous 
0.5 M NaOH, as shown in Fig. 9 [87]. 


The more negative (peak I) is ascribed 
to a rapid and reversible oxidative ad- 
sorption of a submonolayer quantity of 
ChcH 2 „ c +iS”, while the second, consider- 
ably sharper peak (peak II) results from 
further deposition of C„ c H 2 , ic +iS - to 
yield an essentially compact monolayer. 
The charge under the two peaks in- 
creases from 80 to 95 pC cm -2 with an 
increase in chain length; the latter value 
corresponds to a practically close-packed 
monolayer in the case of total charge 
transfer (X = 1). «-Alkanethiolates with 
n c < 6 also show a further more posi- 
tive oxidation peak (peak III), owing to 
the deposition of a bulk film of mer- 
curous or mercuric thiolate. For n c >6 
no peak III is observed, probably because 
of an increased compactness of the SAM, 
which becomes impermeable to the thi- 
olate molecules. Reversal of the voltage 
scan yields two cyclic voltammetric reduc- 
tion peaks corresponding to the oxidation 
peaks I and II (see Fig. 9, bottom). The 
midpoint between the reduction peak 
potential and the corresponding oxida- 
tion one, £ 1/2 = (£pa + £ pc )/2, yields 



E vs Ag/AgCI 
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the Gibbs adsorption free enthalpy for 
the oxidative/reductive adsorption pro- 
cess via the relation AG^ = —FE\/ 2 \ 
this decreases linearly with « c accord- 
ing to the relation AG a a s = A — Bn c [87]. 
The n c -dependent term is considered to 
measure the energetic contribution result- 
ing from the transfer of the amphiphilic 
«-alkanethiolate from bulk water onto the 


Fig. 9 Top: cyclic voltammogram of Hg 
in aqueous 0.5 M NaOH solution 
containing 5 mM C 5 H 11 S - ; 
scan rate = 1 00 mV s -1 . Bottom: cyclic 
voltammogram recorded at a higher 
current sensitivity over a narrower 
potential range, so as to avoid recording 
peak III [87], 



metal surface, while the A term is regarded 
as the constant contribution associated 
with the Hg— S interaction. 

Cyclic voltammograms of soluble thi- 
ols are often characterized by an oxidative 
adsorption peak, due to the forward elec- 
trode reaction of Eq. (18) with X = a = 1, 
during the positive potential scan, and by 
a reductive desorption peak, due to the 
corresponding backward reaction, during 
the negative potential scan (see Fig. 10a). 
At higher bulk thiol concentrations, the 
reductive desorption peak may undergo 
splitting [96, 97]. The nature of the func- 
tional group affects the sharpness and 
potential of the reduction peak. Thus, this 
peak sharpens and shifts to more negative 
potentials with an increase in thiol length 
and a decrease in the size of its head- 
group. At potentials negative of the adsorp- 
tion-desorption peaks, thiols are generally 
not desorbed, but remain physisorbed on 
the mercury surface. Clear evidence for 
such a physisorption was provided in the 
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case of comercaptoalkanoic acids [98] by 
ex situ measurements; these consisted in 
adsorbing the thiol on an HMDE from 
a thiol solution at a potential negative of 
the adsorption-desorption peaks, remov- 
ing the electrode from the solution under 
the same applied potential, rinsing it with 
water, immersing it in a thiol-free solution 
under a potential positive of the adsorp- 
tion-desorption peaks, and scanning the 
potential in the negative direction. The 
charge under the resulting reductive des- 
orption peak increases with an increase in 
the thiol concentration used for the adsorp- 
tion, attaining a maximum limiting value 
corresponding to a full monolayer cover- 
age (83 |iC cm -2 ). This procedure was also 
used to measure the adsorption isotherms 
of two comercaptoalkanoic acids, which 
were found to satisfy the Frumkin model 
with attractive lateral interactions. If the ex 
situ procedure is modified by immersing 
the thiol-coated mercury drop in a thiol- 
free solution at a potential negative of 



Fig. 10 (a) Cyclic voltammogram of 

mercury in a pH 4 aqueous solution of 
0.1 M acetic acid containing 1 x 10 -4 M 
6-thioguanine. (b) Current versus time 
curve obtained by stepping the potential 
from —0.35 to —0.025 V/SCE across the 
oxidative adsorption peak of 
Fig. 10a [100b], 
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the desorption peak, keeping the drop at 
this potential for a given rest time and 
then recording the adsorption and desorp- 
tion peaks, the charge under the peaks 
decreases with an increase in the rest 
time. This behavior denotes a gradual dis- 
solution of the physisorbed thiol in the 
thiol-free solution. On the other hand, if 
the ex situ procedure is modified by ad- 
sorbing the thiol from the thiol solution for 
a given rest time at a potential positive of 
the adsorption peak, and then by recording 
the desorption peak in the thiol-free solu- 
tion, the charge under the peak increases 
progressively with the rest time. This is 
due to the formation of a progressively 
thicker film of the thiol during the rest 
time, because films of tomercaptoalkanoic 
acids with eight or less carbon atoms do 
not sufficiently block the electron transfer. 
A somewhat different behavior was re- 
ported for mercaptohexanol [96]. Keeping 
an HMDE in a 20 uM mercaptohexanol 
solution in 0.5 M NaOH at a potential pos- 
itive of the adsorption-desorption peaks 
for progressively increasing times, a single 
reductive desorption peak is first observed; 
at longer times this is accompanied by a 
less negative reductive desorption peak, 
which becomes progressively sharper. The 
charge under both desorption peaks attains 
a limiting value of 73 gC cm -2 , which is 
close to that corresponding to a full thiol 
monolayer, and no multilayers are formed. 
When a single desorption peak is observed, 
at potentials positive of the peak, the film 
is not blocking toward Ru(NH 3 ) 6 3_ elec- 
troreduction, while it becomes blocking 
when the further less negative desorption 
peak develops at longer times. A similar 
evolution of the reductive desorption peak 
in time is observed with a pH 4 solution of 
30 gM 4-mercaptophenol [97]. In this case, 
the appearance of a second sharper and 
less negative reductive desorption peak is 


ascribed to a passage of the thiol molecules 
from a flat to a vertical orientation. At po- 
tentials positive of the final compact SAM 
of vertically oriented molecules, only a 
modest decrease in the rate of Ru(NH 3 ) 6 3_ 
electroreduction is observed. 

Mercapto derivatives of nucleobases 
such as 6-thiopurine [99, 100a] and 6-thio- 
guanine [100b, c, 101] form particularly 
compact SAMs on Hg, thanks to strong at- 
tractive intermolecular interactions, specif- 
ically ring -ring stacking interactions. 
Scanning the potential in the positive 
direction gives rise to an oxidative adsorp- 
tion peak that marks the passage from 
a physisorbed, well-organized phase to 
a two-dimensional condensed SAM; the 
latter inhibits multilayer formation and 
oxygen electroreduction, while it has no 
effect on the rate of outer-sphere electron- 
transfer processes, such as Ru(NH 3 ) 6 3_ 
reduction [99]. The adsorption peak, which 
is sharp and symmetrically shaped, shifts 
by 60 mV toward more negative potentials 
per each unitary increment in pH, in agree- 
ment with the general reaction of Eq. (18), 
for X = a = 1. Ex situ experiments indi- 
cate that the condensed SAM is stable in 
thiol-free solutions, while the physisorbed 
phase gradually dissolves. The condensed 
SAM is formed by a mechanism of nucle- 
ation and growth, as clearly demonstrated 
by the shape of the current-time curves 
obtained by stepping the potential from 
the region of the physisorbed phase to that 
of the two-dimensional condensed one, 
across the oxidative adsorption peak (see 
Fig. 10b). These curves show a minimum 
followed by a maximum, which is typical of 
a two-dimensional phase transition [100b]. 
The current maximum increases and be- 
comes narrower with an increase in the 
width of the potential jump, while the 
charge under the current-time curve re- 
mains constant, being practically equal to 



that involved in the voltammetric adsorp- 
tion peak. In the case of 6-thioguanine, 
the current transients are close to those 
predicted for a two-dimensional instanta- 
neous nucleation, and can be interpreted 
quantitatively by including an additional 
contribution from double-layer charging 
and one from slow adsorption of disor- 
dered thiol molecules [100c]. 

Insoluble thiols Water-insoluble thiols, 
such as long-chain 77-alkanethiols, are char- 
acterized by a broad potential range over 
which they form stable SAMs with a low 
and practically constant differential capac- 
ity. This range extends in both directions 
with an increase in chain length. Thus, 
while oxidation of bare mercury in 0.1 M 
NaF takes place at about 0.4V/SCE, a 
mercury electrode coated with a SAM of n- 
hexadecanethiol is not oxidized until about 
1.4 V [82]. This is due to the highly im- 
permeable and defect-free SAM, which 
protects Hg against oxidation. A negative 
linear voltage scan yields a desorption peak 
due to the backward electrode reaction of 
Eq. (18). The peak may also split into two 
at high pH values [16]. The charge under 
the peak depends to some extent on the 
nature of the solvent. It is usually higher 
in organic solvents, where 77-alkanethiols 
are moderately soluble and are directly 
adsorbed from the solvent. Thus, un- 
der saturating conditions, it amounts 
to ~115 pC cm -2 for 77-octadecanethiol 
from ethanol [16] and ~80 pC cm -2 for 
77-hexadecanethiol from acetonitrile [84], 
Henceforth, 77-alkanethiols with a number 
77 c of carbon atoms will be briefly denoted 
by C„ . If, after reductive desorption of the 
thiol, the mercury electrode is kept for 
2-4 minutes at a potential corresponding 
to the flat capacity minimum, a close- 
packed SAM with exactly the same proper- 
ties is often restored [16, 86]. This occurs 
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more frequently by using the “spreading” 
procedure (see Sect. 1.3. 1.3. 3.1), in which 
the aqueous solution is saturated with the 
thiol that is spread on its surface. This 
restoration can be explained by postulat- 
ing that the desorption gives rise to thiol 
micelles or similar organizations, which 
remain in the proximity of the electrode 
and can spread back onto the electrode 
surface without any loss of material. Re- 
verting the potential scan, just after the 
negative-going scan that causes reductive 
desorption, yields an oxidation readsorp- 
tion peak, whose peak potential shifts in 
the negative direction by about 60 mV per 
each unitary increment in pH [16]. This 
indicates that charge transfer from the 
sulfhydryl group to the metal is accom- 
panied or preceded by deprotonation. In 
aqueous solution, the charge under the 
reduction peak of Cis decreases with an 
increase in scan rate, attaining a con- 
stant minimum value of ~70 pC cm -2 for 
scan rates > 100 mV s -1 [16]. This phe- 
nomenon is ascribed to a slow hydrogen 
evolution resulting from the penetration 
of water molecules into the partially dis- 
ordered Cis SAM and their electroreduc- 
tion by the catalytic action of the sulfur 
atoms; this is prevented by a sufficiently 
high scan rate. For 77-alkanethiols with 
a number of carbon atoms higher than 
about five, the charge under the reduction 
peak attains an almost constant maximum 
value [84, 85]. The flat capacity minimum 
of 77-alkanethiols extends over a broader 
potential region in water than in organic 
solvents such as ethanol, owing to the 
increased hydrophobic interactions result- 
ing from the lower solubility of thiols in 
water. Moreover, it is usually higher in or- 
ganic solvents than in water. Thus, the flat 
capacity minimum in acetonitrile varies 
from 3 to 6 pF cm -2 on passing from 
Cis to C(t [84], while in water it varies 
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from 0.70 to 0.95 jaF cm -2 on passing 
from Cj8 to C14 [86]. The values in wa- 
ter are in fairly good agreement with the 
differential capacities calculated from the 
Helmholtz formula for a parallel-plate ca- 
pacitor, C = eoe/d, by setting the dielectric 
constant s equal to the value, 2 . 1 , of decane 
and the thickness d of the thiol film equal 
to the length of a space-filling model of the 
thiols in the most extended configuration. 
C values of H-alkanethiol SAMs with n c 
from 8 to 18 also satisfy the Helmholtz 
formula with s = 2.0 [85]. 

A closer insight into the electrical proper- 
ties of thiol-coated mercury can be gained 
by using electrochemical impedance spec- 
troscopy. The mercury-thiol solution in- 
terface can be satisfactorily simulated with 
an equivalent circuit in which the thiol 
monolayer is represented as a capacitor 
Ct with a parallel resistor R t , due to the 
presence of any traces of impurities capa- 
ble of penetrating the film; the aqueous 
electrolyte is represented as a resistor R& 
is series with the thiol monolayer (see in- 
set 1 of Fig. 11). While the impedance of 
the capacitor C t is given by- j/QnfCt), 
where / is the frequency of the ac sig- 
nal, the impedance of the resistors R t and 
Rn is equal to their resistance, and is 
therefore frequency independent. Over a 
broad frequency range, the modulus, |Z|, 
of the impedance is controlled by the ca- 
pacitor Ct. Therefore, the plot of log |Z| 
versus log / (Bode plot) has a slope of 
— 1 (Fig. 11). At very high frequencies the 
impedance of the capacitor becomes so low 
that the control of the impedance passes 
to the series resistor Rq, and the Bode 
plot tends to become horizontal. This oc- 
curs at higher frequencies the lower is 
Rq, and hence the higher is the elec- 
trolyte concentration. On the other hand, 
at very low frequencies, —j/(2jifCt) tends 
to become comparable to, and ultimately 


greater than R t . Hence, the control of the 
impedance tends to pass to R t , and the 
Bode plot tends again to become hor- 
izontal. With well-behaved M-alkanethiol 
SAMs, Rt is of the order of 20 Mf2 cm 2 , 
and starts controlling Z for / < 10~ 3 Hz. 
Strictly speaking, the equivalent circuit 
should also include the capacity C d of the 
diffuse layer adjacent to the thiol SAM, 
in series with the R t Ct mesh (inset 2 of 
Fig. 11). In practice, the capacity C t of n- 
alkanethiols is so low that the contribution 
of C d is entirely negligible. A different 
situation is encountered with thiolpep- 
tides, namely, oligopeptide molecules that 
terminate with a sulfhydryl group for an- 
choring to the metal [102]. These relatively 
hydrophilic molecules form SAMs that ex- 
hibit a high resistance comparable with 
that of /7-alkanethiols, but a capacity of 
the order of 10 pF cm -2 , because of the 
high polarizability of the peptide bonds. 
In this case the diffuse-layer capacity C d 
can be estimated by making it comparable 
with Ct by the use of KC1 concentrations 
c as low as 5 x 10 -3 M. By covering a 
KC1 concentration range from 5 x 10 -3 to 
0.1 M and regarding Ct as independent of 
the electrolyte concentration, the use of 
the equivalent circuit in inset 2 of Fig. 11 
allows C d to be measured as a function 
of c. Fitting this dependence to the GC 
theory, as shown in inset 3 of Figure 11, 
allows the charge density, q, experienced 
by the diffuse-layer ions to be estimated at 
— 3 pC cm -2 . 

1.3. 1.3. 2. 3 Total and Free Charge Density 
on Mercury Coated with Thiol SAMs One 

important parameter of alkanethiol mono- 
layers is the charge involved in their 
self-assembly on electrodes; this has of- 
ten been identified with the charge under 
the reductive desorption peak, with [103] 
or without [87, 104] correction for the 
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Fig. 11 Plots of log |Z| and ofthe phase angle 
versus log / for a thiolpeptide-coated mercury 
drop immersed in 5 x 10~ 3 M (a), 

1.3 x 10“ 2 M (b), 3.6 x 1(T 2 M (c), and 
0.1 M (d) KCI, as obtained at —1 .000 V/SCE over 
the frequency range from 0.1 to 10 5 Hz. At 
frequencies < 10 2 Hz all Bode plots coincide; 
hence, only the experimental points for the lower 
KCI concentration were reported. The solid 
curves are least-squares fits to the simple 
equivalent circuit of inset 2, which consists of 
the electrolyte resistance Rq, in series with an 
R t C t mesh representing the self-assembled thiol 
and a further RdQ mesh representing the diffuse 


layer. R t = 0.14 Mflcm 2 ; C t = 1 1 |tF cm 2 ; 

R d = 4.53 (a), 4.17 (b), 1.27 (c), and 

0.87 KQ cm 2 (d). C d = 68 (a), 61 (b), 80 (c) and 

84 pF cm~ 2 (d). Inset 3 shows the reciprocal, 

1 /C d , ofthe experimental diffuse-layer 
capacitance versus the 1 /C d (a m = 0) value 
corresponding to the same KCI concentration, as 
calculated on the basis of the Gouy-Chapman 
(GC) theory. The solid curves are 1 /Cd(fTM) 
versus 1 /Cd(crM = 0) plots calculated from the 
GC theory for different charge densities <xm on 
the metal, whose values are reported on each 
curve [102], 


capacitive contribution. In this connection 
it should be pointed out that the only ther- 
modynamically significant charge in ad- 
sorption processes involving partial or total 
charge transfer between the adsorbate and 
the electrode is the charge to be supplied 
to the electrode to keep the applied poten- 
tial E constant when the electrode surface 
is increased by unity and the composi- 
tion of the bulk phases is kept constant. 
This quantity is called “total charge” by 
Frumkin [105] and will be denoted here 


by ctm ( E ). It should be distinguished from 
the “free charge” q(E), namely, the charge 
density on the metal side of the inter- 
phase, due to the surface excess of free 
electrons, which is actually experienced by 
the diffuse-layer ions; in the presence of 
adsorption with charge transfer, the latter 
quantity can only be estimated on the basis 
of extrathermodynamic assumptions. 

The method of choice to measure ctm 
both on solid and liquid electrodes consists 
in starting with an uncoated electrode 
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immersed in a solution of the supporting 
electrolyte alone and in stepping the 
applied potential from the pzc to a final 
potential Ey negative enough to exclude 
the adsorption of the adsorbate under 
investigation, provided such a potential 
is experimentally accessible: the charge 
Q accompanying the potential step pzc 
—>■ Ey is then just the common value, 
<7m(E{), of the total charge density both 
in the presence and in the absence of 
the adsorbate. The charge accompanying 
a further potential step from any given 
initial potential E to Ey at an adsorbate- 
coated electrode in the same supporting 
electrolyte will be equal to au{Ey) — 
o'M 1 E), thus allowing the estimation of 
the total charge density ctm(E) at E. 
Application of this procedure to a Cis 
SAM on a mercury electrode immersed 
in aqueous 0.1 M tetramethylammonium 
chloride, where this SAM is completely 
desorbed at Ey = —1.85 V/SCE, yields 
a o'M value of ~ +56 gC cm -2 over the 
whole broad potential range of stability 
of the monolayer [16]. In fact, because of 
the very low differential capacity of the 
Cis monolayer, the changes in om over 
this potential range lie within the limits of 
experimental accuracy. 

An alternative procedure applicable to 
liquid electrodes consists in recording the 
charge accompanying the expansion of 
an HMDE immersed in a solution of 
the adsorbing surfactant at constant ap- 
plied potential E. It can be applied only 
in the presence of surfactant concentra- 
tions high enough to ensure an almost 
instantaneous adsorption equilibrium dur- 
ing drop expansion. This procedure was 
adopted to measure ctm for monolayers 
of n-alkanethiols with 8 < n c < 18 [85], 
These thiols were self-assembled on mer- 
cury from methanolic NaClC >4 solutions, 
where they are sufficiently soluble. The 


resulting om values range from 70 ± 10 
to 80 ± 10 gC cm -2 . This procedure is 
substantially identical with that based on 
the measurement of the maximum limit- 
ing height of dc polarographic adsorption 
waves, such as the oxidation adsorption 
prewave of cysteine (see Sect. 1.1. 3. 3. 2. 2), 
which yields a ctm value of ~70 gC cm -2 . 
From a thermodynamic point of view, it is 
impossible to separate ctm into a capacitive 
and a faradaic contribution [106]. This is 
possible only on the basis of extrathermo- 
dynamic assumptions. In the following, it 
will be shown that the capacitive contribu- 
tion can be approximately identified with 
the free charge density q (E), which is very 
small over the potential range of stability 
of H-alkanethiol SAMs. 

The charge under the reductive desorp- 
tion peak of H-alkanethiols is not a precise 
measure of ctm, since it includes the dif- 
ference between the capacitive charge at 
a potential Ei just negative of the des- 
orption peak and that at a potential Ey 
just positive of it. While the latter capac- 
itive charge is very small, the former is 
not negligible. As a first approximation, 
it can be identified with the charge den- 
sity om at Ei on a bare mercury electrode, 
even though, at potentials just negative 
of the desorption peak, thiol desorption 
is not complete. In the case of a Cis 
SAM on a mercury electrode immersed 
in aqueous 0.1 M tetramethylammonium 
chloride, the charge under the desorp- 
tion peak amounts to —70 gC cm -2 , while 
the ctm value on bare mercury at a po- 
tential just negative of the peak equals 
— 16 gC cm -2 [16]. This yields a total 
charge density of +54 gC cm -2 over the 
range of stability of the Cis SAM, in 
excellent agreement with the value ob- 
tained by the more accurate potential-step 
chronocoulometric procedure (vide supra). 



The charge under the oxidation adsorp- 
tion peaks of long-chain alkanethiolates 
from aqueous 0.5 M NaOH was reported 
to amount to ~ +95 pC cm -2 [87], and 
that under the reductive desorption peak 
of Cio from acetonitrile was found to 
be equal to ~ — 98 pC cm -2 [84]. Both 
charge values were not corrected for the 
capacitive contribution. If this can be rea- 
sonably considered to be of the order of 
15-20 pC cm -2 , in both cases ctm is close 
to 80 pC cm -2 . 

The cross-sectional area of a linear 
hydrocarbon chain in close-packed mono- 
layers of aliphatic compounds is estimated 
at ~0.20 nm 2 [85]; for the transfer of 
one electron per «-alkanethiol molecule 
in the monolayer, a total charge den- 
sity of ~ +80 pC cm -2 is obtained. This 
value agrees with that estimated from 
GIXD and X-ray reflectivity measurements 
on «-alkanethiol SAMs on Hg [89] (see 
Sect. 1.1. 3. 3. 2.1). Therefore, experimental 
um values close to ~ +80 pC cm -2 point 
to a close-packed monolayer of perpen- 
dicularly oriented M-alkanethiol molecules 
resulting from total charge transfer from 
the sulfhydryl group to mercury. These 
values are normally reported for monolay- 
ers that are directly self-assembled from 
thiol solutions in organic solvents, such 
as methanol [85] and acetonitrile [84], or 
for thiolates dissolved in strongly alkaline 
aqueous solutions [87]. In these solutions 
the solubility of mercury adducts is not 
entirely negligible. Thus, the dissolution 
of mercury in organic solutions of thiols 
is significant, and can be reduced only 
in acidic media [73, 84]. Strongly alkaline 
aqueous solutions may also favor a modest 
solubility of mercury adducts, as indicated 
by the formation of a massive deposit 
of mercury alkanethiolates from aqueous 
0.5 M NaOH at potentials as negative as 
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—0.6 V versus a Ag/AgCl reference elec- 
trode [87]. Since such dissolution involves 
total charge transfer, ctm values close to 
+80 pC cm -2 are not surprising. 

A more significant estimate of the par- 
tial charge-transfer coefficient X requires 
the absence of equilibrium between the 
surface compound due to charge transfer 
from the adsorbate to the metal, and the 
corresponding compound in the bulk so- 
lution. This requirement is fulfilled, for 
example, by Cis SAMs in aqueous solu- 
tions of pH less than the p K a = 12 of 
this thiol, where the Cis coating shifts the 
onset of mercury oxidation to potentials 
positive of those observed on bare mercury 
in the same electrolyte, instead of favoring 
such an oxidation. In this case, taking into 
account both the partial charge-transfer co- 
efficient X and the degree of dissociation 
a of the sulfhydryl groups as expressed by 
Eq. (18), the potential difference across the 
interphase can be approximately expressed 
as follows [16]: 

d d — 

M>= (ffM+kcTi) 4 [(1 - X)oi 

£()£oo £()£oo 

d 

- (1 - a)a(\ + Xt = ffiM + «+) 

£()£oo 

— (a-k)cr i + xt (19) 

£()£oo 

Here, /3 is the distance of the center 
of charge of the sulfur atoms from the 
metal surface, d is the whole length of the 
thiol molecule, Soo is a dielectric constant 
accounting for distortional polarization, 
o\ is the charge density of the — S“ 
groups of a hypothetical close-packed 
monolayer of thiolate ions, and Xt is the 
surface dipole potential of the thiol. The 
(d/eofioolffiM + Xa\) term is the potential 
difference across the whole length of 
the thiol molecule created by the “free 
charge” on the metal, which is given 
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by the negative charge Act; transferred 
from the sulfur atoms to the metal, plus 
the thermodynamically significant and 
experimentally accessible charge density 
o'M- The [(</ - yS)/eo£oo][(a - term 
is the potential difference across the 
chain of the thiol, of length (d — f I), 
created by the charge density on the 
sulfhydryl groups. In the limiting case 
of a zero degree of dissociation a, the 
transfer of a negative charge density Xa\ 
to the metal leaves an equal and opposite 
positive charge density — Xa\ on the sulfur 
atoms. In the opposite limiting case of 
a unitary degree of dissociation, this 
charge density is negative and equal to 
(1 — X)crj. After rearranging terms, we can 
neglect the (f/soBoo) (a — X)o{ term with 
respect to the other, (d/£o£oo) (ctm + aoi), 
both because f is<$; d and because a 
and X are expected to assume close 
values, since partial charge transfer and 
deprotonation of the sulfhydryl group are 
strictly correlated events. 

Differentiating Eq. (19) with respect to 
ctm under the assumption that the dipole 
potential xt and the partial charge-transfer 
coefficient X sa a are not appreciably 
affected by a change in er m, yields the 
following expression for the reciprocal 
of the differential capacity of the thiol 
monolayer: 


dA rf> 1 d 

d <7m C £q£oo 


(20) 


Combining Eqs (19) and (20) yields: 


A fi = 


CTM + Ot(7[ 

C 


+ Xt 


(21) 


If we apply this equation to the Cis 
alkanethiol, the dipole potential xt of the 
n -alkyl chain can be regarded as negligi- 
ble to a good approximation. Moreover, 
ctm equals +56 pC cm -2 (vide supra) and 
the charge density, ct;, on the — S _ groups 


of a hypothetical close-packed monolayer 
of Cis anions is about — 80pCcm -2 . In 
practice, the charge density (om + acrf) is 
small, since the absolute values of ctm 
and acs\ are much greater than their al- 
gebraic sum. Thus, from the approximate 
extrathermodynamic estimate of the abso- 
lute potential difference across the mer- 
cury-aqueous solution interphase, Afi, 
(see Eq. (9)) and from the differential ca- 
pacity, C t = 0.7 pFcm -2 , of the Cis SAM, 

| ctm + ffCTil turns out to be about 2 orders 
of magnitude smaller than |oi| [16]. Tak- 
ing into account that ctm and |crj| are both 
much greater than |ctm + aoil, we can set 
a ss — ctm/ct; = 0.7 to a good approxima- 
tion; this is also an approximate estimate 
of the partial charge-transfer coefficient X 
for Cis. 

In the case of the water-soluble thiolpep- 
tide of Fig. 11, its dipole potential xt cannot 
be regarded as negligible. However, as dis- 
tinct from the Cis alkanethiol, the capacity 
C of thiolpeptide-coated Hg is high enough 
not to obliterate diffuse-layer effects, thus 
allowing the free charge density q = ctm + 
Xct; experienced by the diffuse-layer ions to 
be estimated at — 3 pC cm -2 from the GC 
theory [102] (see Sect. 1.1. 3. 3. 2. 2). More- 
over, the charge density ct; estimated on the 
assumption of a close-packed hexagonal 
array of thiolpeptide molecules is ap- 
proximately equal to —20 pC cm -2 , while 
the total charge density ctm measured at 
— 1.000 V/SCE by the potential-step pro- 
cedure equals +17 pC cm -2 . In this case 
the partial charge-transfer coefficient X «a 
[q — ctm) / cq is, therefore, approximately 
equal to unity. The knowledge of q also 
allows an estimation of the dipole poten- 
tial xt of the thiolpeptide through Eq.(21). 
In view of the considerations made in con- 
nection with Eq. (9), A rf> is more positive 
than the applied potential E measured 
versus the SCE by ~ 250 mV. At —1.000 



V/SCE, where C equals 11 pF cm -2 [102], 
A 4> is therefore equal to —0.750 V. Sub- 
stituting these numbers in Eq. (21), a 
Xt value of about —470 mV is obtained. 
Using the same approach for an SAM 
of triethyleneoxythiol, another relatively 
hydrophilic thiol, values of ctm, C and 
q equal to +13pCcm -2 , 11 pF cm -2 
and — 3.5 pC cm -2 , respectively, were 
measured at —0.785 V/SCE [107]. From 
Eq. (21) it follows that xt amounts to 
~ —200 mV [37]. Upon estimating eri at 
—70 pC cm -2 from a space-filling model 
of this thiol, a partial charge-transfer coef- 
ficient X of 0.24 was determined. 

1.3. 1.3. 2. 4 Electron Transfer across Thiol 
SAMs on Mercury While short-chain 
«-alkanethiol and w-thiocarboxylic acid 
monolayers, say with n c = 2, affect the 
rate of electron transfer of redox couples 
such as Ru(NH 3 ) 6 3+ / 2+ only slightly, long- 
chain thiols inhibit electron transfer the 
more the longer is their chain [82, 84, 
86]. Thus, H-alkanethiols whose transition 
temperature to the liquid-crystalline state 
is higher than room temperature block 
almost completely not only inorganic 
redox couples such as Ru(NH 3 ) 6 3+ ^ 2+ and 
Fe(CN)6 3-/,4 ~ but also lipophilic couples 
such as UQ/ubiquinol-10 or viologens. 
Even the electroinactive lipophilic ions 
TPhB - and TPhP + are prevented from 
translocating across a Cis monolayer on 
Hg [86]. However, Pb 2+ , a typical example 
of a metal ion/metal amalgam couple, 
shows a reduction current across a Ci6 
SAM, which may reach up to 4% of that 
on bare mercury [82]. 

The reduction current density i 
of Ru(NH 3 ) 6 3+ across SAMs of n- 
alkanethiols with 8 < n c < 18 from 
aqueous 0.5 M KC1 was thoroughly 
investigated by Majda and coworkers [85, 
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108, 109]. This current density is much 
lower than its diffusion limiting value. 
Thus, it is exclusively controlled by slow 
electron tunneling kinetics and depends 
upon the overpotential q according to 
the well-known relation i = Fk a pC*, with 
k ap = k ap exp {—aqF/RT), where c* is the 
bulk reactant concentration and a is the 
charge-transfer coefficient. The current 
density measured at constant applied 
potential decreases exponentially with the 
length of the hydrocarbon chain, according 
to the relation i = iq exp(— /3n c ); here /J is 
the decay constant per methylene group 
and ;'o is regarded as the current density in 
the absence of the thiol monolayer. The /J 
value amounts to 1.14 ± 0.09 [85]. 

Monolayers of «-alkanethiols with n c 
from 9 to 14 maintain their imperme- 
ability and dielectric properties upon slow 
stepwise expansion of the HMDE up 
to 30%, thanks to their liquid-crystalline 
state at room temperature. Conversely, n- 
alkanethiols with n c > 14 fracture easily 
upon mercury drop expansion in excess 
of ~5% [85, 110]. Thus, by keeping the 
drop expansion within the above limits, 
the Ru(NH 3 ) 6 3+ reduction current con- 
tinues to be limited by slow electron 
tunneling kinetics. Moreover, the differen- 
tial capacity C per unit surface increases 
proportionally to the drop area during drop 
expansion, as in the case of phospholipid- 
coated mercury (see Sect. 1.1. 3. 2. 2.1). This 
denotes a constancy in the dielectric con- 
stant of the SAM, which maintains its 
volume, density, and dielectric properties 
through a gradual tilting of the thiol chains. 
Figure 12 shows plots of In i versus the 
film thickness at constant E both for dif- 
ferent «-alkanethiols on an unexpanded 
drop and for C 12 on a progressively ex- 
panded drop. It is apparent that the current 
upon drop expansion increases with a de- 
crease in film thickness much less than 
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[A] 

Fig. 12 Plots of the logarithm of the tunneling current density i versus the geometric monolayer 
thickness. Data recorded at —0.65 V/SCE on an unexpanded HMDE coated with n-alkanethiol 
monolayers of different chain length (A) and on a progressively expanded HMDE coated with a 
C 12 monolayer (B). The inset refers to the data of curve B and shows a plot of i versus the tilt 
angle 6 of the C 12 chains. The solid curve is a least-squares fit of Eq. (22) to the data [85], 


predicted under the assumption that the 
monolayer behaves as an isotropic dielec- 
tric barrier in which electron tunneling 
efficiency is independent of its molecular 
structure [85]. This provides the first direct 
evidence that electron tunneling proceeds 
primarily through the alkyl chains, a path- 
way that does not change in length during 
monolayer expansion. The modest current 
increase observed as the film thickness 
decreases following drop expansion is as- 
cribed to lateral “hops” between adjacent 
alkyl chains. For simplicity, the tunnel- 
ing current i is regarded as consisting 
of a main contribution due to a whole 
“through a -bonds” pathway along a sin- 
gle alkyl chain of length d, r'o exp(— f^d), 
plus a minor contribution in which this 


pathway is modified by the inclusion of a 
single lateral “chain-to-chain” hop. From 
Figure 13(a) it is apparent that this lateral 
“through-space” hop decreases the length 
of the whole “through a -bonds” pathway 
by an amount .r = d cc tand, where d cc is 
the contact distance between adjacent alkyl 
chains modeled as cylinders, and 6 is the 
tilt angle. By ascribing to the latter path- 
way a probability equal to the number « c 
of carbon atoms in the «-alkanethiol chain, 
the current i is therefore given by: 

i = i'o exp(-dtbd) + i 0 n c exp[-yS t b(d 
- dec tan 9 )] exp(-dtsd cc ) (22) 

where dtb and dts are the through- 
bond and through-space decay constants. 
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Fig. 13 Schematic representation of 
two possible different structures 
adopted by an alkanethiol monolayer 
upon expansion of an HMDE. (a) The 
monolayer is essentially pinhole free. A 
redox probe is located outside the 
monolayer/solution interface. The 
chains exhibit a tilt adopted in response 
to monolayer expansion. In addition to 
the through-bonds pathway, which 
dominates in perpendicularly oriented 
monolayers, an additional pathway 
(marked by the densely dashed line) 
involves a chain-to-chain coupling. 

(b) Hg drop expansion results in the 
formation of pinhole defects. A redox 
probe can partially permeate the alkane 
region of the monolayer [85, 109], 

Fitting this equation to the experimental diffusion control, increases with a negative 

i versus 6 plot for the Cu SAM (inset of shift in the overpotential rj first exponen- 

Fig. 12) yields )% = 0.91 ± 0.01 A -1 and tially, but then tends to a plateau. Thus, 

/Sts = 1.31 ± 0.05 A -1 . The latter value is the i versus —rj plots show an inflection 

in excellent agreement with an estimate point, while the plots of dk^/drj, where 

obtained by ab initio calculations [85]. As & ap = i(r])/Fc* is the apparent rate con- 
expected, the chain-to-chain coupling is stant, are bell-shaped (see Fig. 14 for the 
significantly weaker than the through- case oflrClg - ). The attainment of a plateau 
bonds coupling. in the i versus — >] plots requires extremely 

To exclude the possibility that the small negative overpotentials (—erj > 2k) and 

increase in the tunneling current following corresponds to Marcus’ inverted region 

drop expansion might be ascribed to par- for homogeneous electron-transfer reac- 

tial penetration of the redox probe into tions. When the role of electron donor 

the n -alkanethiol monolayer, as shown is played by a metal, no decrease in 

schematically in Fig. 13(b), the reorgani- the electron-transfer rate can be observed 

zation energies k of the IrCl6 2- / 3- redox with an increase in driving force, because 

probe and of the more hydrophobic fer- tunneling from the continuum of elec- 

rocene derivative, FeCF^N— (CH 3 ) 3 2+ / + , tronic states below the Fermi level ep 

were determined on both unexpanded and is still possible for —ep > k. An expres- 

expanded mercury drops [109]. In fact, if sion for k ap is obtained by integrating the 

partial penetration of a redox probe into expression p (metal) H^{e)p (ox) over the 

an expanded monolayer causes a certain electron energy levels s, where p (metal) = 

increase in tunneling current as a result of {exp[(e — ep )/kT] + 1) _1 is the Fermi dis- 

a shorter tunneling distance, it should also tribution density of electronic states in 

cause a decrease in k. On an unexpanded the metal, p( ox) = {4nkkT)~ x ^ 2 exp[— (A — 

Ci6-coated F1MDE the reduction current er\) 2 / 4kkT\ is the distribution density in 

i for both probes, recorded at a scan rate the redox probe according to Marcus, 

high enough (>5 V s _1 ) to exclude partial and H^{e) is the electronic coupling. 
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Fig. 14 Current versus potential curve of shows a plot of dk ap /dri versus ;; for the 

Ci6-coated mercury in aqueous 0.5 M KCI in the reduction of I rCl6 2- under the same 
absence (A) and in the presence (B) of experimental conditions. The solid curve 

1 .0 x 10~ 3 M I rCl6 2 ; scan rate = 5.12 V s _1 ; corresponds to the Gaussian fit through the 

electrode surface area = 0.0246 cm 2 . The inset data [ 109 ], 

Assuming that the Fermi distribution measurements on differently expanded 
is a step function and that H^ 2 (s) is Ci6 SAMs, the maxima of the Gaussian 
independent of r], d k^/dri takes the dk ap /d// versus r] plots for the IrClj?~ probe 
form (47r 2 //i) / o(metal)// t } 2 p(ox), which lie at the same overpotential up to a maxi- 
depends upon p only via the Gaussian mum tilt of the alkyl chains of ~20°. This 
function p( ox). Fitting this expression to indicates that the X value is invariant with 
the experimental d k ap /dp versus i] plots the monolayer expansion and that no pen- 
(inset of Fig. 14) yields X values close to etration of IrClg 2- into the alkyl chains of 
1 eV for both redox probes [109], in good the SAM takes place. Conversely, in the 
agreement with the predictions of the Mar- case of the hydrophobic ferrocene probe, 
cus dielectric continuum model for an even a small expansion (2%) of the Ci6 
aqueous environment. Therefore, the ac- SAM results in a very large increase in cur- 
cess of IrChs 2- and FeCF^N - (CH 3 ) 3 2+ rent and a destruction of the monolayer, 
to the electrode surface is restricted to due to mercury oxidation, 
a plane outside the Cj6 unexpanded A film of chlorophyllide (Chlide), a 
monolayer. When carrying out analogous chlorophyll molecule lacking the phytyl 





chain, was adsorbed on top of mercury- 
supported SAMs of «-alkanethiols of chain 
length from C 12 to Cis [111]. Illumina- 
tion of Chlide causes the photoexcited 
molecule to take one electron from the 
metal, with formation of the Chlide - rad- 
ical anion. The reduction photocurrents 
following illumination of the Chlide film 
were measured over the potential range in 
which this photoexcitable molecule is elec- 
troinactive in the dark, and their action 
spectra were determined. Differentiating 
these photocurrents with respect to the 
applied potential and plotting the result- 
ing derivatives against potential yields 
bell-shaped curves that can be fitted to 
a Gaussian. The potential of the Gaus- 
sian maximum was used to determine 
the reorganization energy X for the Chlide 
electroreduction process; X was found to 
decrease regularly with an increase in the 
thiol chain length. This trend is opposite to 
that observed with chlorophyll molecules 
adsorbed on mercury-supported thiol 
SAMs [112], where X is greater for C 14 than 
for C 12 [112]. The decrease in the reorgani- 
zation energy X for Chlide electroreduction 
with an increase in the thiol chain length is 
tentatively explained by a concomitant de- 
crease in the amount of water molecules 
incorporated in the thiol SAM [111]. In- 
creasing the thickness of the allcanethiol 
SAM by increasing its chain length causes 
the photocurrent, corrected for the reor- 
ganization energy, to decay exponentially 
with a decay constant d as low as 0.17 A -1 . 
This low d value is explained by a concomi- 
tant energy transfer. If the thickness of 
an allcanethiol monolayer is decreased by 
expanding the drop surface, the photocur- 
rent increases much less than observed 
by decreasing the alkanethiol chain length 
on a nonexpanded drop, thus confirming 
that electron transfer takes place primarily 
along a “through a -bonds” pathway. 
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When two volumes of mercury are sep- 
arated by an alkanethiol film, they do 
not coalesce; rather, they form a Hg— Hg 
junction consisting of two alkanethiol 
monolayers anchored to the surface of the 
two contacting mercury phases, with no 
chain intercalation at the resulting bilayer 
midplane [113, 114]. Thus, the plot of the 
reciprocal of the differential capacity C of 
the film against its thickness d, equated 
to the sum of the lengths of two fully 
extended alkanethiol molecules in a per- 
pendicular orientation with respect to the 
mercury surfaces, satisfies the Helmholtz 
formula, C = eo s/d [113, 114]. When us- 
ing two volumes of mercury in a glass 
tube, the dielectric constant e of the junc- 
tion was found to be 2.7 ± 0.3 [113], while 
the use of two contacting thiol-coated 
HMDEs, positioned vertically and coax- 
ially one above the other, yielded an s 
value of2.0±0.3[114]. The latter device 
allows the formation of both symmetric 
and asymmetric Hg— C n //C m — Hg bilayer 
junctions, with n and m > 9; here and 
in the following, the double dash denotes 
van der Waals interactions at the inter- 
face between terminal groups of the two 
SAMs. Thanks to the liquid nature of mer- 
cury, which has no macroscopic surface 
roughness, as distinct from solid elec- 
trodes, the junction area can be estimated 
with sufficient accuracy. As in the case of 
thiol-coated Hg electrodes, the tunneling 
current density measured at a voltage bias 
V = —1.5 V decreases exponentially with 
the length of the hydrocarbon chain, ac- 
cording to the relation i = z'oexp(— /3n c ), 
with the decay constant /3 per methylene 
group equal to 0.89 ± 0.1 [114]. Inser- 
tion of an amide group — CONH— , in 
place of a methylene group, in the bi- 
layer junction results in an increase in 
the tunneling current, and hence in the 
electronic coupling. Junction experiments 
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can be carried out over a wide range of 
voltages; thus, Hg— C 16 //C 16 — Hg junc- 
tions are stable under voltages as large 
as ±2.5 V. However, the tunneling decay 
constant f decreases only slightly with an 
increase in voltage V, much less than pre- 
dicted by the theory of electron tunneling 
between two metal plates across a square 
potential energy barrier. Apparently, the 
through cr-bonds mode of electron tun- 
neling is only scarcely affected by the 
external electric field. The lifetime of these 
Hg— SAM(1)//SAM(2)— Hg junctions is of 
the order of 100 s, or greater, only with 
alkanethiols longer than Cs, and increases 
with their chain length [115]. Owing to 
the van der Waals and coulombic forces 
squeezing the junctions, their structure 
evolves with time, as shown by impedance 
spectroscopy measurements. This time 
evolution involves chain disorder and 
chain -chain intercalation, ultimately lead- 
ing to junction breakdown; intercalation 
seems to proceed more rapidly for thicker 
junctions. 

Hg— SAM(1)//SAM(2)— Ag junctions 
have also been prepared by forming a 
SAM on the surface of an evaporated 
film of silver, covering it with a solution 
of hexadecane containing Ci6, immersing 
an HMDE into this solution so as to 
form a Hg— Ci6 SAM, and bringing it 
into contact with the silver electrode 
with a micromanipulator [116]. SAM(2) 
was formed with alkanethiols from Cs 
to Ci6, oligophenylene thiols, HS(Ph)i-H 
(k = 1, 2, 3), and their benzylic homologs, 
HSCH2(P1 i)aH. The decrease in current 
density with increasing length of the 
molecules forming SAM (2), and therefore 
with the distance, dAg.Hg, separating 
the electrodes, follows the relation i = 
/oexp(— ySdAg.Hg), with f> approximately 
independent of the bias voltage V 
over the range from 0.1 to 1 V. The 


current increases linearly with V at 
low V values, and exponentially at high 
V values. This behavior is typical of 
electron transport by “superexchange 
tunneling”, namely, tunneling mediated 
by interactions between donor and 
acceptor (in the present case, the two 
metal electrodes) and unoccupied orbitals 
of the organic material separating them. 
This situation is encountered when the 
Fermi level of the metal electrodes 
and the lowest unoccupied molecular 
orbital (LUMO) of the “molecular bridge” 
interposed between them are separated 
by a large energy gap. When the SAM (2) 
tethered to the silver electrode is formed 
from a dialkyl disulfide with a covalently 
linked tetracyanoquinodimethane (TCNQ) 
group, the Hg— Ci6//SAM(2)— Ag rectifies 
current, in that the current flowing from 
Hg to Ag is about nine times higher than 
that flowing in the opposite direction, at 
1 V magnitude bias [117]. This behavior is 
explained by the single TCNQ functional 
group having an energy different from the 
rest of the sites of the molecular bridge 
and a different site-coupling energy to 
its neighbors; thus, it is covalently linked 
to the rest of SAM (2), while it is only 
in van der Waals contact with SAM(l). 
This determines a potential drop through 
the TCNQ site, which is asymmetric with 
respect to bias. 

An “electrochemical inclusion junction” 
has also been described [118, 119]. It 
consists of two HMDEs, both of which 
support a SAM of the ruthenium 
pentamine pyridine-terminated thiol, 
HS(CH2)ioCONHCH 2 pyRu(NH 3 )5, and 
are brought into contact in an aqueous 
solution. The potentials of the two 
electrodes are controlled independently 
with respect to a common reference 
electrode immersed in the solution, by 
using a bipotentiostat. Under certain 



conditions, the more negative electrode 
(the cathode) transfers an electron to Ru 111 
of its own SAM; the resulting Ru 11 releases 
its electron to Ru 111 of the adjacent SAM, 
which transfers it to the corresponding, 
more positive electrode (the anode). This 
electron transfer takes place only when the 
electronic states of the Ru n /Ru m couple 
fall between the Fermi energies of the two 
mercury electrodes. In one experiment, 
the potential difference between the two 
electrodes was kept constant at 0.1 V, and 
both potentials were shifted upwards, so 
as to move both Fermi energies from 
above to below the electronic states of the 
Ru n /Ru m couple; the plot of the resulting 
current against the potential of the anode 
is bell-shaped, with the maximum lying 
in the proximity of the Ru n /Ru in redox 
potential. The mechanism responsible 
for this current is considered to be 
resonant tunneling, with electrons actually 
populating the molecular bridge, or a two- 
step hopping mechanism, with electrons 
localized somewhere in the molecular 
bridge for an appreciable time during 
electron transport. 

1 .3.1 .4 Tethered Bilayer Lipid Membranes 
on Hg 

The possibility of self-assembling bilayers 
covalently on metals with the formation 
of rugged functionalized electrodes has 
stimulated research aiming at exploit- 
ing self-assembly for the realization of 
biomembrane models capable of incorpo- 
rating integral proteins in a functionally 
active state. This has potential not only 
for fundamental research on protein func- 
tions but also for biosensor applications. 
To achieve this goal, biomembrane models 
consisting of lipid bilayers (often referred 
to as tethered hilayer lipid membranes, 
tBLMs) should meet a number of require- 
ments: (1) they should be robust enough 
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for long-term stability, and be easily and re- 
producibly prepared; (2) they should be as 
flexible and fluid as lipid films in the liquid- 
crystalline state; (3) they should have water 
on both sides of the lipid bilayer; and 
(4) they should be sufficiently free from 
pinholes and other defects that might pro- 
vide preferential pathways for electron and 
ion transport across the lipid bilayer [120]. 
Requirements (2) and (3) are necessary for 
the incorporation of integral proteins into 
the lipid bilayer in a functionally active 
state. In fact, integral proteins have a hy- 
drophobic section buried inside the lipid 
leaflet of the biomembrane, which must 
therefore be sufficiently flexible to accom- 
modate this section. Often, they also have 
hydrophilic sections protruding by over 
60 A outside the lipid bilayer. To avoid 
their denaturation and to promote their 
function, the incorporation of integral pro- 
teins into biomembranes must ensure that 
their protruding hydrophilic sections are 
accommodated in a hydrophilic medium 
on both sides of the lipid bilayer. More- 
over, the transport of hydrophilic ions 
across the lipid bilayer, via ion channels or 
ionophores, is possible only if an aqueous 
layer is interposed between the bilayer and 
the electrode surface. Requirement (4) is 
needed to make the biomembrane model 
sufficiently blocking as to characterize ion 
channel activity by electrochemical means, 
without the disturbing presence of stray 
currents due to defects. 

Mixed alkanethiol-phospholipid bilay- 
ers on an FIMDE are readily prepared 
by exploiting the hydrophobic interactions 
between the hydrocarbon tails of the allca- 
nethiol and those of the phospholipid [64]. 
Thanks to the high affinity of mercury for 
sulfur, an alkanethiol monolayer is first 
obtained by immersing the mercury drop 
for 1 or 2 minutes in a thiol solution in 
ethanol. The phospholipid monolayer on 
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top of the alkanethiol monolayer is then 
obtained by immersing the thiol-coated 
mercury drop in an aqueous solution on 
whose surface a phospholipid monolayer 
has been previously spread. The differ- 
ential capacity of the mixed bilayer so 
obtained agrees with the value calculated 
from the equation C = C t C p /(C t + C p ), 
where Ct and C p are the experimental 
values of the capacities of the thiol and 
phospholipid SAMs on mercury. The flex- 
ibility and fluidity of the chemisorbed 
alkanethiol monolayer in direct contact 
with the electrode is much less than that 
of BLMs; this makes these Hg-supported 
mixed bilayers unsuitable for ion transport 
mediated by ionophores and practically 
impermeable to lipophilic molecules of 
biological importance, such as UQ and 
vitamin Ki [64]. Moreover, no hydrophilic 
layer is interposed between the bilayer and 
the electrode surface, thus excluding the 
space and water required for the proper 
folding of the extramembrane parts of in- 
tegral proteins. 

In a first attempt to overcome these lim- 
itations, the alkanethiol monolayer was 
replaced by a SAM of a hydrophilic 
“thiolspacer” consisting of a polyethyle- 
neoxy [107] or an oligopeptide [102] chain 
terminated with a sulfhydryl group for 
anchoring to the mercury surface. The thi- 
olspacer is self-assembled on an HMDE 
by keeping the mercury drop immersed 
in its ethanol solution for 30 minutes. The 
thiolspacer-coated mercury drop is then 
extracted from the solution, allowing the 
ethanol to evaporate. Subsequently, the 
drop is brought into contact with a lipid 
film that has been previously spread on 
the surface of an aqueous electrolyte, tak- 
ing care to keep the drop neck in contact 
with the lipid reservoir. This disposition 
allows a free exchange of material between 
the thiolspacer-coated drop and the lipid 


reservoir on the surface of the aqueous 
electrolyte, with formation of a floating 
lipid bilayer on top of the hydrophilic thi- 
olspacer. Thanks to the defect-free surface 
of liquid mercury, this mercury-supported 
thiolspacer/ (lipid bilayer) system exhibits 
a differential capacity close to that of 
solvent-free black lipid membranes, thus 
denoting a very low number of pinholes 
and other surface defects. Complete im- 
mersion of the drop into the solution is 
to be avoided, because the relative solubil- 
ity of the thiolspacer in water causes the 
gradual dissolution of the film. In these 
tBLMs, incorporation of ionophores such 
as the ion carrier valinomycin [102, 107] 
and the channel-forming peptide melit- 
tin [107] decreases the resistance of the 
film. Thus, it determines a typical min- 
imum in the plot of the phase angle of 
the electrochemical impedance against the 
frequency over the frequency range that 
would be exclusively controlled by the ca- 
pacity of the biomimetic membrane if the 
ionophore were absent. 

The potential difference across the float- 
ing lipid bilayer on top of the thiolspacer 
SAM (i.e. the transmembrane potential) 
can be estimated by noting that its zero 
value is practically attained at the ap- 
plied potential E at which the absolute 
potential difference across the whole in- 
terphase, Af m (E / SCE + 0.250 V) (see 
Eq. 9), is equal to the calculated value of 
Xt- In fact, from Eq. (21) it is apparent 
that, under these conditions the charge 
density q = a M + acq experienced by the 
diffuse-layer ions is zero, just as the elec- 
tric field across the floating lipid bilayer. 
The applied potential at which the trans- 
membrane potential equals zero can also 
be approximately estimated by incorporat- 
ing valinomycin in the lipid bilayer [37, 
121]. Valinomycin is a K + -selective ion 
carrier that may shuttle K + ions across 



the bilayer, thus increasing its conduc- 
tivity. When q is positive, the I< + ions 
are electrostatically repelled from the thi- 
olspacer. Shifting the applied potential 
to more negative values, I< + ions start 
penetrating into the thiolspacer, and the 
conductance of the tBLM increases up to a 
limiting value; ultimately, at still more neg- 
ative potentials, the conductance decreases 
owing to saturation of the thiolspacer. Un- 
der the simplifying assumption that the 
short-range interactions of K + with the 
thiolspacer medium are comparable with 
those with the aqueous phase, it can be 
demonstrated that the inflection point of 
the curve of the conductance against the 
applied potential E corresponds to a zero 
value of the transmembrane potential [37]. 
The voltage-gated channel of melittin, in- 
corporated in a tBLM prepared with a 
triethyleneoxythiol thiolspacer [107], was 
found to open at a calculated transmem- 
brane potential practically equal to that 
reported on a BLM. 

In spite of some satisfactory results ob- 
tained with lipid bilayers self-assembled 
on top of mercury-supported hydrophilic 
thiolspacers, their use is rather uncom- 
fortable, since the drop neck must be 
kept in contact with the lipid reservoir 
on the surface of the aqueous electrolyte 
during measurements. More convenient 
tBLMs are obtained if the HMDE is coated 
with a monolayer of a “thiolipid” [30, 37, 
121-123]. This consists of a hydrophylic 
spacer terminated with a sulfhydryl or 
disulfide group at one end, for anchor- 
ing to the mercury surface, and covalently 
linked to the polar head of a phospholipid 
at the other end. Tethering the thiolipid 
to the metal surface yields half a lipid bi- 
layer, with the hydrocarbon tails turned 
toward the aqueous solution. Immersing 
the thiolipid-coated mercury drop into an 
aqueous electrolyte, on whose surface a 
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lipid film has been previously spread, 
causes a lipid monolayer to self-assemble 
on top of the thiolipid monolayer, with the 
hydrocarbon tails of the two monolayers 
turned toward each other. This proce- 
dure yields a lipid bilayer anchored to the 
mercury surface through the hydrophilic 
portion of the thiolipid, which mimics the 
aqueous phase on the metal side of the 
bilayer. 

A particularly convenient thiolipid 
named DPTL consists of a tetraethyle- 
neoxy chain covalently linked to a lipoic 
acid residue for anchoring to the metal 
at one end, and bound via ether linkages 
to two phytanyl chains at the other end 
(see its structure in Fig. 15); it has been 
used by Naumann et al. [124] for the prepa- 
ration and characterization of tBLMs on 
gold. A tBLM obtained by self-assembling 
a diphytanoylphosphatidylcholine mono- 
layer on top of a DPTL-coated mercury 
electrode was investigated by impedance 
spectroscopy over a frequency range from 
1 x 10 -2 to 1 x 10 5 Hz and over a poten- 
tial range of 0.8 V, both in the absence 
and in the presence of the ion carrier 
valinomycin [30]. The impedance spectra 
obtained upon incorporating valinomycin 
in this tBLM from its 1.5 x 10~ 7 M solu- 
tion in aqueous 0.1 M KC1 are particularly 
rich in characteristic features, especially 
when reported in a u>Z' versus coZ" plot 
(see Sect. 1.3. 2. 2.1). This plot shows four 
partially fused semicircles (see Fig. 15), 
which can be straightforwardly fitted to 
an equivalent circuit consisting of four 
RC meshes in series. Each semicircle cor- 
responds to a RC mesh; the diameter 
of the semicircle measures the recipro- 
cal, 1/C, of the capacity of the RC mesh, 
while the w value at the maximum of the 
semicircle measures the reciprocal of its 
time constant, r = RC. The frequency in- 
creases in the direction of increasing wZ" . 



154 


7 Preparation of Monolayer Modified Electrodes 



2 4 6 8 


coZ” x 1 0 7 
[Hz fl] 


Fig. 15 Top: structure of the DPTL thiolipid in 
contact with a diphytanoylphosphatidylcholine 
molecule. Bottom: plot of coZ' versus wZ" for a 
tBLM in aqueous solution of 0.1 M KCI and 


1 .5 x 10~ 7 M valinomycin, recorded at —0.41 
V/SCE. The arrows relate the semicircles of the 
coZ' versus coZ" plot to the different 
substructural elements of the tBLM [30], 


The four RC meshes are ascribed to dif- 
ferent portions of the tBLM, on the basis 
of the potential dependence of their R 
and C values, which is interpreted by a 
model of the electrified interface [30]. In 
fact, the tBLM is a heterogeneous system 
with a substructure in which the dielectric 
and conductance properties of the sub- 
structural elements are different; this gives 
rise to a dispersion of the impedance with 
frequency, due to interfacial polarization 
at the substmctural-element interfaces, 
which provides a means of detecting and 
characterizing these dielectric slabs. When 
proceeding in the direction of increas- 
ing o)Z", the RC meshes in Fig. 15 are 
ascribed to the lipoic acid residue, the 
tetraethyleneoxy moiety, the lipid bilayer, 
and the aqueous solution adjacent to the 
tBLM. This tBLM was also used to incor- 
porate the channel-forming protein OmpF 


porin from its aqueous dispersion in deter- 
gent [123]. The analysis of the impedance 
spectra indicates that OmpF porin in- 
creases the conductivity of the tBLM over a 
narrow potential range straddling the zero 
value of the potential difference across the 
lipid bilayer moiety. 
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1.3. 2.1 Introduction 

Monolayers of organic adsorbates bonded 
on silicon wafer surfaces have properties 
for prospective applications in nanometer- 
scale physical science, chemistry, biol- 
ogy, and industrial technology [1-3]. The 
covalent linkage in organic adsorbates 
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can mediate the connection of a variety 
of molecular groups with surface Si 
atoms. The diversity of organic species 
can guarantee almost limitless possibili- 
ties for molecules and moieties attached to 
Si surface. 

This article deals with a category of or- 
ganic adsorbates that is attached to the 
outermost surface Si by the C— Si covalent 
bond. Figure 1 illustrates two typical ex- 
amples of hydrocarbon moieties attached 
directly to surface Si. One is a linear alkyl 
chain terminating one surface Si atom. 
The other is a hydrocarbon moiety fixed by 
two C— Si bonds. The existence of the C— Si 
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(a) (b) 

Fig. 1 Schematic view of hydrocarbon adsorbates covalently bonded on Si (1 1 1) 
surface, (a) Single-chain alkyl fixed by one C — Si bond, (b) Bridging hydrocarbon 
fixed by two C — Si bonds. 


bond on the surface is important because 
it brings about advantageous properties 
such as thermal stability, low mobility 
along the surface, and chemical stability. 
The dissociation energy of C— Si bond has 
been estimated to be > 300 kj mol -1 [4], 
notably larger than the adsorption heat of 
molecules on noble metals. Actually CH3 
species on Si(lll) remains undecomposed 
at 600 K in vacuum [5]. Related to this, 
the covalently bonded species are antici- 
pated to be immovable along the surface, 
as the C— Si bonds on the single-crystalline 
planes are electronically localized. More 
practically, Si surfaces covered with grafted 
organic moieties have been frequently 
reported to be robust against the prac- 
tical environment and even in powerful 
reagents [6-9]. It is certainly amazing that 
just one monolayer of organic fragments 
can nullify the harsh reactivity of the 
clean Si surface, such as Si(lll)-(7 x 7) 
reserved in vacuum, into inertness in the 
atmosphere. 

The robustness of organic-modified 
Si(lll) frequently attracts interest appli- 
cation. The passivation and modification 


of electronic properties were conducted 
by Buriak on porous Si surfaces, on 
which the organic adsorbate was utilized 
for photolithography and photolumines- 
cence [10]. Modification of electronic prop- 
erties was frequently attempted [10-14]. 
Application for biochemical analysis has 
also been extensively pursued. Hamers 
et al. reported fixation of single strand 
DNA by covalent linkage on Si and other 
semiconductors, and performed electro- 
chemical detection of DNA hybridiza- 
tion [15, 16]. This attempt is probably the 
leading edge in the development of intel- 
ligent biochips with integrated electronics 
for signal detection and processing. An- 
other category of prospective application 
is electronics by molecular chains. Lopin- 
ski et al. first found a chain reaction of 
styrene adsorption on a (2 x l)-hydrogen- 
terminated Si(100) wafer [17]. The single 
line composed of adsorbed molecules 
can be easily imagined as a material of 
molecular wires [11, 18], and the elec- 
tronic properties of this “nanowire” were 
examined [19]. Figure 2 shows scanning 
tunneling spectroscopy (STM) images of a 




Fig. 2 Visualization of the electrostatic potential 
emanating from a point source for a styrene 
chain on H:Si(100). (a) With negatively charged 
dangling bonds labeled DB1 and DB2. The 
prominent white bar is a line of surface-bound 
molecules. At increased sample bias of — 2.4 V, 
molecular p-states are "turned on”, causing 
molecules to appear bright (topographically 
elevated) and of nearly constant height across 


the line, (b) At an intermediate bias of — 1.8 V, 
molecules appear darker, increasingly so at 
greater distances from DB1 . (c) In the absence 
of a negative dangling bond all molecules would 
appear dark at —1 .6 V, but the molecules nearest 
to the dangling bond remain prominent. 

(Figure 1 of P. G. Piva, G. A. DiLabio, J. L. Pitters 
et al., Nature 2005, 435, 658 [19]). 


styrene chain formed on H:Si(100)-(2 x 1), 
in which the electronic orbitals in each 
styrene adsorbate are modified by the ex- 
istence of a dangling bond located at one 
end of the chain. This phenomenon was 
explained on the basis of molecular-orbital 
calculation. 

Despite those prospects of practical ap- 
plications, the details of structure and 
composition of the organic adlayer, which 
directly influence the quality of surface, 
have not been always well recognized. 
The practical criterion that characterizes 
covalent adsorbates on semiconductor sur- 
faces is that every dangling bond gener- 
ated by the truncation of a single crystal 
should be terminated by an adsorbate. The 
dangling bonds on surfaces of Si and Ge 
are reactive with O 2 and other components 
of air and would result in the deterioration 
of the whole surface. If the surface is 
supposed to be handled in air or in liq- 
uid, complete rejection of dangling bonds 
should be achieved by appropriate reaction 
and handling conditions. The discovery of 


H:Si(lll)-(l x 1 ), on which every surface 
Si is monohydride terminated [20], was an 
epoch-making event to open up the field 
of organic chemistry on semiconductors 
handled out of ultrahigh vacuum (UHV). 

There are some typical cases in which 
every surface Si atom is actually termi- 
nated by one C— Si bond, namely, that in 
which the stoichiometric full coverage is at- 
tained. On clean Si(100), (2 x 1) adlattices 
can be formed by cycloaddition of cyclic 
olefins onto surface Si— Si dimers [21]. 
Hamers et al. presented a highly ordered 
adlayer terminating all Si atoms just by 
exposing clean Si(100)-(2 x 1) to gaseous 
cyclopentene (CsHs) in UHV environ- 
ment [22], Figure 3 shows STM images of 
cyclopentene molecules bonded in paral- 
lel to the dimer rows of Si(100)-(2 x 1) 
terraces. This sort of full-coverage adlayer 
can be expected only when the adsorbate is 
small enough to be contained within one 
( 2 x 1 ) supercell. 

On Si(lll), it was demonstrated that 
even CH 3 -, the smallest alkyl moiety, fills 





160 7 Preparation of Monolayer Modified Electrodes 



(a) (b) (c) 


Fig. 3 High-resolution STM images of (c) Cyclopentene adsorbed on 4°-miscut Si(001), 

cyclopentene. (a) Cyclopentene adsorbed on showing retention of molecular orientation 

“on-axis” Si (001). (b) Clean surface of 4°-miscut across step edges. (Figure 3 of J. S. Hovis, H. Liu, 

Si (001) showing double-height steps. R. J. Hamers, Appl. Phys. A 1998, 66, S553 [23]). 

most of the space over a single-crystalline with the cases of small admolecules on 
Si(lll) surface when every surface Si noble-metal surfaces, which can be put in 
is terminated by one CH3 group [24], order by thermalization. One exceptional 
Even a C2H5- group is slightly too case, reported by Allongue et al. [7, 27], is 
bulky to be accommodated within Si(lll)- a series of para-substituted phenyl groups 
(1 x 1) unit cell. Because steric hindrance grafted by electrolysis of precursor dia- 
is anticipated between adsorbates, most zonium cations on hydrogen-terminated 
of the organic moieties cannot make Si(lll). Their STM images were explained 
one-by-one termination of Si(lll) in a to represent a (2 x 1) adlattice composed of 
macroscopic area [12]. phenyls and terminating hydrogen atoms 

Attempts to make an adlayer with arranged alternately, 
species bulkier than those typical adsor- Another microscopic structural issue to 
bates inevitably lead to formation of a be tackled is the detailed bonding ar- 
mixed adlayer with small adsorbates that rangement near the anchoring part. The 
fill the spacing areas, such as terminat- structure of the anchoring part depends 
ing H, OH, or silicon oxide. Long-chain on the method of forming the C— Si bond, 
alkyls and aromatics cannot be accommo- The most frequently used method of or- 
dated without such spacing species [25]. ganic deposition is called hydrosilylation, 
This sort of monolayer usually exhibits in which hydrogen-terminated Si surfaces 
a good robustness and is as useful as are treated in terminally double-bonded 
fully terminated surfaces. On the basis olefins with a proper source of excita- 
of fundamental surface science on single tion (radical initiator, heat, light) or by 
crystals, it is preferable to arrange or- catalysis. In such treatment, one should 
ganic adsorbates and spacing adsorbates consider not only the formation of iso- 
in a well-ordered manner, such as desig- meric adsorbates but also the reactions 
nated (m x n) periodicity (m,n: integer), at unexpected portions in the reactant 
On real adlayers, the adsorbates are ar- molecule. Attachment of olefins modified 
ranged randomly [26]. This is a difficulty in with functional groups is more compli- 
obtaining ordered adlayers due to the lack cated as the functional groups may be 
of mobility along the surface, compared more reactive with hydrogen-terminated Si 




than terminal C=C. Photoadsorption of 1- 
amino-3-cyclopentene in liquid phase onto 
H:Si(100) seemed to deposit molecules 
linked to Si by C=C and those by NH 2 [28]. 
The technique of protected derivatives 
commonly used in organic synthesis was 
applied on Si(100) surface to deposit 
amino-terminated hydrocarbons [29]. 

In general, we should assess the by- 
products and contamination during the 
process of deposition as well as dur- 
ing the procedure of surface analysis. 
Oxidation of Si substrate cannot be 
avoided completely intreatingH:Si(lll)in 
aqueous/nonaqueous solvents in conven- 
tional sealed glassware. Oxidative reagents 
should be avoided in solutions. We also 
have to be careful of the hydrocarbon 
contaminants in atmosphere, which often 
obscure the target adsorbates and bother 
surface analysis. Most surface-sensitive 
analytical tools can usually present ade- 
quate information on contaminants with 
high fidelity. The signs of impurities 
should be carefully watched and quan- 
tified by proper methods of calibration 
under cross-checking with different tech- 
niques. In this article, the procedures to 
handle Si wafer surfaces are briefly dis- 
cussed in terms of deposition reaction and 
surface analysis. Then, some topics on 
hydrogen-terminated Si(lll) and chlorine- 
terminated Si(lll) that emerged in the last 
few years are introduced. To learn more 
about the development of this field, the 
review articles by Yates et al. [30], Wayner 
et al. [31], Wolkow [32], Bent et al. [33, 34], 
and Buriak [35] are excellent. 

1.3. 2. 2 Handling of Si Specimens for 
Adsorbate Preparation and Surface Analysis 

Surface treatment of Si wafers as pur- 
chased usually starts with degreasing by 
sonication or rinsing in organic solvents. It 
is a good idea to use two kinds of solvents, 
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such as trichloroethylene and acetone, 
which dissolve different kinds of organic 
debris. Then the wafers are subjected to ex- 
tensive oxidation in reagent mixtures such 
as H 2 SO 4 + H 2 O 2 (3:1, 100°C, Sulfuric 
acid-Peroxide Mixture, SPM or “piranha” 
solution), NH 4 OH + H 2 O 2 (Ammonium- 
Peroxide Mixture, APM), HC1 + H 2 O 2 
(90 °C, Hydrochloric acid-Peroxide Mix- 
ture, HPM), diluted HNO 3 + H 2 0 (1:1, 

90 °C), and so on. The sacrifice ox- 
ide layer after treatment in such so- 
lutions is approximately 10 -nm thick. 

To obtain a homogeneous thickness of 
the oxide layer, the wafers are some- 
times pretreated in HF (a few percent) 
to remove irregular precovering oxide 
layer. 

For Si(lll), etching in dilute HF or 40% 
aqueous solution ofNH 4 F at room temper- 
ature effectively removes the oxide layer to 
form ideal H:Si(lll)-(l x 1) [20]. The pro- 
duced surface can be kept clean in air for at 
least a few minutes. The surface is strongly 
hydrophobic, and microscopic perfection 
of H:Si(lll)-(l x 1) was well studied by 
various methods [36, 37]. Spectroscopically 
useful D:Si(lll)-(l x 1) can be prepared 
by fluoride solution in D 2 O [38, 39]. For 
hydrogen-terminated Si(100), H:Si(100)- 
(2 x 1) and H:Si(100)-(3 x 1) are well 
known [40]. H:Si(100)-(2 x 1) is composed 
of surface Si— Si dimers with each Si 
terminated by one hydrogen atom. The 
H:Si(100) (3 x 1) surface is composed of 
alternate rows of monohydride dimers 
and dihydride silicon atoms [41]. These 
surfaces can be prepared by atomic H 
treatment of clean Si(100)-(2 x 1) or heat- 
ing in high-pressure hydrogen gas [42]. 

The surface usually contains unterminated 
dangling bonds (neutral Si surface mono- 
radicals), which can hardly be eliminated 
by extensive hydrogen treatment [43]. Due 
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to such dangling bonds, the surface can- 
not survive in the atmosphere [44]. Etching 
of Si(100) in fluoride solutions results in 
an inhomogeneous surface composed of 
partially (100)-(2 x 1) and (111) facets [45] 
and the surface is much less defined than 
H:Si(lll)(l x 1). 

The process of adsorbate deposition 
should be carried out in a well-controlled 
environment. UHV is ideal in storing the 
surfaces and is indispensable for handling 
clean Si surfaces of Si. UHV chambers and 
tubings are convenient for most heating 
and gas exposure treatments. H:Si(lll) 
and organic-modified Si surfaces are 
resistive to air and can be passed between 
vacuum or purged containers through 
air. Immersion of H:Si(l 11) in water 
without deaeration promotes oxidation of 
the surface [9]. It is difficult to perform 
liquid-phase reactions on H:Si(lll) for 
an extended period of time in aqueous 
solutions unless some reducing reagents 
are added. Reactions in organic solvents 
are successfully performed in airtight 
glassware or glove boxes purged with inert 
gas, such as N 2 or Ar. The specimens 
should be rinsed and dried under a dry 
atmosphere after the reaction. However, 
just a short period of exposure to the 
atmosphere does not usually oxidize the 
surface to any detectable extent and 
the laboratory procedures can be done 
conveniently. 

Introduction of the Si specimens into a 
vacuum chamber should be done carefully. 
When the specimen is in the atmosphere, 
H:Si(lll) and organic-modified Si are not 
positively contaminated within a short 
period. The largest chance of contamina- 
tion is when the surface is in the stage 
of initial vacuum pumping. The resid- 
ual gas in the vacuum generated by oil 
rotary pump is water and oil, and the 


latter causes severe hydrocarbon contam- 
ination. It is necessary to use an oil-free 
pump, such as liquid-nitrogen cooled sorp- 
tion pump or helium cooled cryopump, 
for evacuation from atmospheric pressure. 
After quick, clean evacuation from the at- 
mospheric pressure to ~10“ 4 Torr, the 
vacuum container can be switched to a tur- 
bomolecular pump running at top speed. 
By this procedure, contamination by hy- 
drocarbons and oxidation can be reduced 
below the limit of spectroscopic detection. 
In UHV, electron sources sometimes de- 
liver hydrocarbon contamination on Si. 
Operation of a B-A gauge placed on a 
line of sight from the specimen should be 
avoided. 

1.3. 2. 3 Summary of the Latest Researches 

1.3. 2. 3.1 Adsorption of Terminal Olefins 
on H:Sifin) Since 1995 when Linford 
et al. first reported the fabrication meth- 
ods of long alkyl chains (> 10 carbons) [6], 
the reaction between H:Si(lll) and ter- 
minally double-bonded olefins (1-alkenes) 
has been accepted as a practical method 
of organic deposition. The adlayer of long 
alkyl chains is robust and convenient to 
stabilize Si surfaces and to make modifica- 
tions over the adsorbates. The deposition 
reaction was activated by the coexistence 
of a radical initiator in liquid phase [6], by 
heating [6], by light irradiation [46-48], or 
by using Lewis-acid catalysis. Use of di- 
luted olefins in an inert solvent (such as 
saturated alkanes) improves the quality of 
the alkyl adlayer [49]. 

Linford et al. first hypothesized that the 
spacing species to accommodate alkyl 
chains on Si(lll) is OH species accord- 
ing to X-ray photoelectron spectroscopy 
(XPS) observation [6]. The origin of OH 
might be the peroxide radical initiator or 
O 2 dissolved in the reaction fluid. Most 



of the succeeding researches using long- 
chain alkenes lack in assessment of oxygen 
directly bonded on the Si surface. The 
long-chain alkyls may screen the adsor- 
bates nearest the surface Si atoms, and 
the wetting and chemical properties of the 
whole adlayer usually seem not to be af- 
fected by the existence of oxygen adsorbate. 
Small portions of SiC >2 deposited during 
the adsorption process are considered to be 
the nuclei of SiC >2 island enlargement [7]. 
Adsorption of O can be due to acciden- 
tal oxidation from the environment, and 
the residual amount of surface oxygen is 
an index of the reproducible, well-defined 
adlayer. Oxygen not incorporated in Si02 
at Si surface is often detected by XPS [25] 
or Auger electron spectroscopy (AES) [9], 
which is supposed to be oxygen attached 
to the adsorbates, or just H 2 O molecules 
entangled in the adlayer. Webb et al. sum- 
marized the extent of substrate oxidation 
depending on the method of reaction ac- 
tivation [13], in which the best quality was 
attained by Grignard reaction on chlori- 
nated Si substrate discussed in the next 
chapter. 

This category of methods has been 
most utilized to form adsorbates including 
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substrate oxidation was not inevitable, 
probably due to the treatment in aqueous 
solution for hydrolysis. Strother et al. [15] 
deposited amino-terminated decyl by a 
similar protection/deprotection method, 
and furthermore grafted DNA on the 
amino group. The adsorbates are bulky 
and the substrate-adsorbate interface did 
not perhaps affect the function of DNA. In 
some cases the attachment of functional 
groups to Si surface can be avoided by the 
difference of reaction rates between the ter- 
minating double bond and the functional 
group [39, 51]. 

The mechanism of hydrosilylation has 
been elucidated as the ejection of a 
terminating hydrogen atom to form a Si 
dangling bond followed by an attack of the 
terminal double bond in olefin to form 
C— Si bond [6], The C radical, generated 
in the preadsorbate as a result of C— Si 
bond formation, immediately picks up 
a neighborhood surface-terminating H, 
leaving one Si dangling bond. A complete 
alkyl adsorbate is then formed. The leftover 
dangling bond again captures olefin. The 
dangling bond (-Si) plays the role of chain 
carrier for the whole process, which is 
formulated as: 


radical initiator, A, or hv 

H:Si(lll)(surface) > 

• Si(surface) + -H(This • H dissipates away.) (1) 

R-CH=CH 2 + -Si(surface) » R-(CH-)-CH 2 -Si(surface) (2) 

R— (CH-)— CH 2 — Si(surface) + H:Si(lll)(surface) * 

R— CH 2 — CH 2 — Si(surface) + -Si(surface) (3) 


functional groups. Sieval reported amino- 
terminated alkyl grafted on hydrogen- 
terminated Si(100) by a rather so- 
phisticated amine protection/deprotection 
process to avoid direct reaction of NH 2 
and Si surface [50]. A small extent of 


This process is actually visualized by 
Lopinski et al. [17], who revealed the chain 
growth of styrene along the dimer row 
of H:Si(100)-(2 x 1) by STM. They could 
discern isolated dangling bonds (vacan- 
cies of hydrogen termination) and styrene 
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admolecules in UHV. Adsorption of 
styrene takes place on a site nearest to 
a dangling bond, and one end of the 
styrene chain is always accompanied by a 
dangling bond. Lopinski et al. proposed a 
similar reaction mechanism on H:Si(lll)- 
(1 x 1). [52] Recently, the photoadsorption 
of allylamine (CH 2 =CH— CH 2 NH 2 ) on 
D:Si(lll)-(l x 1) was performed, and in- 
corporation of surface-terminating D into 
alkyl adsorbate was evidenced by vibra- 
tional analysis [39]. 

The activation by Lewis-acid catalyst, 
such as C 2 H 5 AICI 2 , was explained to 
proceed by the generation of surface Si 
cationic radical [13, 53], which seems to 
be taken over immediately by adsorbate 
bonding. 

Strictly speaking, the anchoring C— Si 
part of olefin-originated alkyls can be ei- 
ther of primary carbon or of secondary 
carbon. Figure 4 shows these two types of 
adsorbates for allylamine precursor. The 


primary type (/i-type) is simple and usu- 
ally accepted, while there had been no 
reason presented to reject the secondary 
type (sec-type). Recently, Yamada et al. pre- 
sented a vibrational evidence that sec-type 
and «-type adsorbates from gaseous ally- 
lamine appear sequentially according to 
the increase of total coverage [39]. The ad- 
sorbates of sec-type were characterized by 
the vibrational modes of — CH 3 group, 
which the sec-type adsorbates nominally 
contain. The photoreaction was performed 
in an UHV setup, which is ideal for impu- 
rity rejection and the succeeding surface 
analysis. 

Another possibility for future in-depth 
consideration is whether the alkyl chains, 
which are considered to be indifferent of 
H-terminated Si surface, may be excited 
and subjected to bond formation with Si 
besides the reaction of double-bond end. 
This causes the formation of bridge type 
adsorbates, such as shown in Fig. lb. The 


H N C Si 
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(a) (b) 

Fig. 4 Schematic view of allylamine adsorbates anticipated on Si (1 1 1) surface, 
(a) Primary (n-type) adsorbate, (b) secondary (sec-type) adsorbate. 



photoadsorption of 1-butene on H:Si(lll) 
did not yield CH 3 vibrational signals, 
indicating that the original methyl end in 
1-butene was destroyed [39]. The existence 
of a bridge type adsorbate on Si(lll) has 
not been recognized widely so far but it will 
be interesting to find a concrete method of 
preparation and to exploit its characteristic 
macroscopic properties. 

1.3. 2. 3. 2 Crignard Reaction on Halo- 
genated Si(lll) The formation of C— Si 
bond by Grignard reagents (C,„H„MgX, 
X=C1, Br, I) has been widely used in 
organosilicon synthesis, and Si(lll) was 
also subjected to Grignard reaction in the 
early stage. Bansal et al. [54, 55] chlori- 
nated H:Si(l 1 1) in a benzene solution of 
PCI 5 under coexistence of radical initia- 
tor and then immersed the chlorinated 
surface in alkyl -Li solution or alkyl -MgX 
solution. Despite imperfect impurity re- 
jection and surface analysis, this work was 
pioneering in the use of alkylating reagents 
on Si surfaces. The mechanism is simply 
formulated as: 

RMgX + Cl:Si(lll) » 

R:Si(lll) + MgXCl (4) 
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Grignard reagents are delivered as 
solutions in diethylether or tetrahydro- 
furan (THF), which are commercially 
available. 

The precursor halogenated Si surfaces 
had not been put into detailed 
investigation until recently. Lopinski 
etal. [56, 57] reported well-ordered 

monolayers of Cl:Si(lll)-(l x 1) and 
Br:Si(lll)-(l x 1) examined by STM 
and high-resolution electron energy 
loss spectroscopy (HREELS) formed by 
(photo-)reaction in gaseous CI 2 or Br 2 
on H:Si(lll). The surface was composed 
almost solely of monohalide Si atoms. 

The halogenated surfaces were atomically 
flat with low defect density, even better 
than hydrogen-terminated Si(lll) (Fig. 5). 
Removal of surface Si atoms as gaseous 
Si halides is considered to be involved 
in flattening the modified surfaces. 
Cl:Si(lll) and Br:Si(lll) slowly react 
with components of air and should be 
handled in vacuum or in inert gas. 
Recently Rivillon et al. [58, 59] applied an 
outstanding method of surface infrared 
spectroscopy and detected Cl— Si vibration 
signals. 

As one of the most attractive topics in the 
field of Si surface science, the formation 



(a) 


(b) 


(c) 


Fig. 5 STM constant current images of 
halogenated Si (111) prepared by gas phase 
reactions at room temperature; 

(a) Cl/Si (111 )-50 x 50 nm, —1 V (sample bias), 


40 pA, (b) Cl /Si (1 1 1 )-6.5 x 6.5 nm, -0.5 V, 
50 pA, (c) Br/Si (1 1 1)-6.5 x 6.5 nm, 

—0.4 V, 400 pA. (Figure 2 of B. J. Eves, G. P. 
Lopinski, Saif. Sci. 2005, 579, L89 [57]). 
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and structure of methyl-terminated Si(lll) 
by Grignard reaction has been studied in 
detail. The CH 3 - group is probably the only 
hydrocarbon species that can terminate 
Si(lll) in (1 x 1 ) periodicity with practical 
stability. Terry et al. examined a methyl- 
terminated Si(lll) from Cl:Si(lll) and 
CH 3 Li by X-ray photoelectron diffraction 
and spectroscopy aided by synchrotron 
radiation [60], They concluded that the 
length of C— Si bond vertical to the sur- 
face is 0.186 nm. Bansal etal. [55] listed 
the results for CH 3 and longer alkyls and 
assumed that CH 3 can terminate every 
surface Si atom on Si(lll) on the ba- 
sis of geometrical consideration. Webb 
etal. [13] also extensively compared the 
perfection of alkyl adlayers prepared by 
various methods. 

A concrete evidence for methyl (lxl) 
termination was presented by Yamada 
et al. [24, 61] as high-resolution STM 
images. Figure 6 shows the flatness of 
the methylated surface viewed in a wide 
zone, as well as the lattice of methyl 
moieties arranged in (1 x 1 ) periodicity. 
The features representing methyl groups 


changed according to the STM gap volt- 
age. The features actually represent the 
electron orbitals, and it is difficult to ex- 
trude the geometric arrangement of H 
atoms in CH 3 just by viewing the im- 
ages. HREELS of CH 3 :Si(lll)-(l x 1) was 
also presented (Fig. 7), indicating all the 
characteristic vibration modes including 
the C— Si stretching motion. The amount 
of SiC >2 impurity, sensitively detected by 
HREELS, was controlled below 0.1%. 

In terms of the movement of ad- 
sorbed CH 3 group, the rotation about 
the C— Si axis vertical to the surface is 
attractive. However, so far no methods 
have been found to observe this rota- 
tion collectively. The energy barrier of 
rotation excitation may be analogous to 
that of torsion of C— Si bond in an 
isolated CH 3 — SiH 3 molecule, which cor- 
responds to a frequency of 590.5 cm -1 . 
Yu et al. performed STM imaging of 
CH 3 :Si(lll)-(l x 1) at the low temperature 
of 4.7 K [62], They claimed that the rotation 
of every CH 3 group was locked at a posi- 
tion of C— H bonds rotated by (7 ± 3)° 
away from the center of the neighboring 
— CH 3 group. 



(a) (b) 

Fig. 6 (a) A wide-range STM image of 

methylated Si (1 1 1). 

Scan size = 500 nm x 500 nm, 

gap voltage = —1 .21 V (sample negative), 

preset tunneling current = 2.58 nA. (b) A 


(c) 

high-resolution STM image, 10 nm x 10 nm, 

-1 .48 V, 2.38 nA. (c) 4 nm x 4 nm, -1 .51 V, 
19.65 nA. (Figures 3 and 4 ofT. Yamada, M. 
Kawai, A. Wawro et al., J. Chem. Phys. 2004 , 727, 
10660 [24]). 
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Fig. 7 H REELS of the methylated Si (1 1 1). H REELS incident electron energy 
2.84 eV, incident angle = exit angle = 60° from the surface normal. The full 
width at half maximum of inelastic peak = 7.6 meV. 2944 cm -1 : C— H 
stretching, 1423 cm -1 : CH 3 umbrella motion, 1268 cm -1 : CH 3 asymmetric 
bending, 1099 cm -1 : Si— O stretching in SiC> 2 , 789 cm -1 : CH 3 rocking, 

683 cm -1 : C — Si stretching, 507 cm -1 : C — Si bending. (Figure 2 of T. 
Yamada, M. Kawai, A. Wawro et al.,J. Chem. Phys. 2004, 121, 10660 [24]). 


It is interesting to address the elec- 
tronic property of CH 3 :Si(lll)-(l x 1) not 
only for the purpose of application as 
the lithography resist layer but also 
as the basis of nanoelectronic devices. 
The I-V characteristic curve of STM 
reached a peak at — 1.5 eV in the occu- 
pied levels additionally to the I-V curve 
of H:Si(lll). This peak corresponds to 
the electronic state that contributes to 
electronic conduction through the surface. 
This conducting property is also material- 
ized in an electrolytic phenomenon. Niwa 
etal. [61] demonstrated that CH 3 :Si(lll)- 
(1 x 1) as an electrode in an aqueous 


redox solution exclusively lowers the peak 
potential of redox reaction. CH 3 :Si(lll)- 
(lxl) was also applied as the ul- 
trathin channel medium of field-effect 
transistor [14]. 

As for Grignard reagents containing 
alkyl groups larger than methyl, the space 
filling of adsorbates does not geometri- 
cally allow every Si atom to be terminated, 
and a certain part of terminating Cl atoms 
must be left over in the space between 
alkyl adsorbates. Such Cl atoms are consid- 
ered to be replaced by oxygen-containing 
species during rinsing or by exposure 
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to air. Webb et al. reported that high- 
resolution XPS did not detect Cl after 
deposition of C2H5- or C6H 5 -CH 2 - on 
Cl:Si(lll) rinsed in methanol [25]. The 
possible terminating species was antici- 
pated to be hydrogen. The replacement 
of residual Cl species is probably un- 
controllable and introduces more chances 
of contamination. It is certainly easier 
to replace a part of the terminating 
hydrogen atoms on H:Si(lll) by alkyl 
groups. This issue is discussed in the next 
chapter. 

1.3. 2. 3. 3 Crignard Reagents and H:Si(lTI) 

H:Si(lll) is less likely than Cl:Si(lll) 
to react with alkylmagnesium reagents 
according to the classic formulation of 
Grignard reaction. However, so far, many 
cases of adsorbate formation on hydrogen- 
terminated Si surfaces have been re- 
ported. Kim et al. [63] first reported deriva- 
tization of hydrogen-terminated porous 
silicon by Grignard reagents. They in- 
cluded a quenching procedure with acetic 
acid after the Grignard reaction. By 
using CH3COOD, incorporation of Si- 
terminating D species was detected. Kim 
etal. explained this process by dissocia- 
tive insertion of R— MgX into Si— Si bonds 
just below the surface (called backbonds). 
The formation of Si— R and Si— MgX 
was assumed, and the Si— MgX species 
was considered to be quenched in Si— D 
by the presence of deutrated acetic acid. 
This interpretation fitted with a rather 
rough surface of porous Si, which was 
advantageous in the detection of surface 
products. 

Formation of decyl (C10H21- ) adsorbates 
by decyl Grignard reagent on H:Si(lll) 
was first performed by Boukherroub 
et al. [64] The atomic force microscope 
(AFM) images of alkyl-terminated Si(lll) 
show a flat Si surface without any sign 


of pit formation related to the backbond 
breakage. Replacement of terminating H 
with decyl groups was recognized. The ro- 
bust properties of this surface were found 
to be the same as those formed by alkene 
photoadsorption or by Lewis-acid catalysis. 
Boukherroub et al. concluded that a new 
mechanism of Grignard reagent should 
be proposed to replace terminating H [64]. 
On fiat H:Si(lll), rinsing in a THF so- 
lution of CF3COOD did not introduce 
D-Si [65], 

The formation of C— Si bond in 
methyl Grignard reaction on H:Si(lll) 
was first evidenced by Yamada et al. [5]. 
The STM images of CH3MgBr-treated 
H:Si(lll) showed that methyl groups 
just formed small lattice patches and 
adsorbates were randomly placed with 
a significant open area [66]. Careful 
use of D:Si(lll) and HREEL showed 
C— Si stretching signal at 678 cm -1 [5]. 
The HREEL spectra always contain 
H(D)-Si stretching signal, indicating 
that Grignard reaction cannot completely 
remove original terminating hydrogen 
atoms. 

At the same time, a limitation was 
recognized in detecting organic adsor- 
bates and terminating hydrogen by in- 
frared spectroscopy. The H— Si stretch- 
ing signal at 2090 cm -1 became invisible 
to IR as the coverage of organic in- 
creased [26], However with HREELS, the 
H— Si signal was apparently detected on 
surfaces prepared under the same con- 
dition. Infrared spectroscopy seems to 
be more affected by adsorbate screen- 
ing effects than HREELS. [5] This fact 
influences the interpretation of spectra 
ofCH3:Si(lll) formed by electrochemical 
anodization in a Grignard reagent solu- 
tion, that 100% methylated surfaces were 
obtained [67, 68]. 



The Grignard reaction on H:Si(lll) is 
probably the most useful method to obtain 
robust Si surfaces for practical purposes. 
The adlayers formed are constantly a 
mixture of alkyl and H regardless of the 
chain length. The C signals of AES [26] 
and XPS [55] indicating the saturation 
coverages are proportional to the chain 
length, indicating that the adsorbate-wise 
areal density is constant, regardless of the 
chain length. The chance of unwanted 
substrate oxidation during the fabrication 
process can be minimized, compared to 
the case for Cl:Si(lll). More varieties 
of hydrocarbons, such as branched or 
unsaturated hydrocarbon moieties [26, 39, 
65], can be deposited with adequate 
stability. In nearly all the cases, the 
hydrocarbon groups are transferred to 
the Si surfaces within the precursor 
Grignard reagents without isomerization 
and component detachment. The alkyl- 
hydrogen mixed adlayers are strongly 
hydrophobic and resistive toward dissolved 
oxygen in water [9], alkali solutions [64], or 
even in a Cu-plating solution containing 
F“ for a short period [9]. 

The mechanism of H:Si(lll) replace- 
ment by Grignard reagent has not been 
elucidated on the basis of concrete ex- 
perimental evidences. Recently Fellah 
et al. proposed a mechanism involving 
a trace amount of alkyl halide residue 
contained in the Grignard reagent so- 
lution [69]. Decyl bromide intentionally 
added in a diethylether solution of de- 
cyl magnesium bromide significantly ac- 
celerated deposition of decyl groups. 
Treatment of H:Si(lll) in pure tetrade- 
cyl bromide yielded a finite amount of 
alkyl adsorbate and a significant amount 
of SiC> 2 . It was difficult to compare 
the reaction kinetics with the Grignard 
reagent. The effects of alkyl halide were 
scrutinized by voltammetric electrolysis 
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of Grignard reagent, by using «-type 
and p-type silicon, and by consider- 
ing the electronic and thermodynamic 
energy levels of RX, RMgX, and Si. 
Although this analysis was not com- 
pleted, we can expect the application of 
alkyl halides as the alkylation reagent to 
open a new route to organic deposition 
on Si. 
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1 . 3.2 

Modification of Silicon Wafer Surfaces with 
Small Organic Moieties 

Taro Yamada 

RIKEN, 2-1 Hirosawa, Wako-shi, Saitama 
351-01 98, Japan 

1 . 3 . 2.1 Introduction 

Monolayers of organic adsorbates bonded 
on silicon wafer surfaces have properties 
for prospective applications in nanometer- 
scale physical science, chemistry, biol- 
ogy, and industrial technology [1-3]. The 
covalent linkage in organic adsorbates 
can mediate the connection of a variety 
of molecular groups with surface Si 
atoms. The diversity of organic species 
can guarantee almost limitless possibili- 
ties for molecules and moieties attached to 
Si surface. 

This article deals with a category of or- 
ganic adsorbates that is attached to the 
outermost surface Si by the C— Si covalent 
bond. Figure 1 illustrates two typical ex- 
amples of hydrocarbon moieties attached 
directly to surface Si. One is a linear alkyl 
chain terminating one surface Si atom. 
The other is a hydrocarbon moiety fixed by 
two C— Si bonds. The existence of the C— Si 
bond on the surface is important because 
it brings about advantageous properties 
such as thermal stability, low mobility 
along the surface, and chemical stability. 
The dissociation energy of C— Si bond has 
been estimated to be > 300 kj mol -1 [4], 
notably larger than the adsorption heat of 
molecules on noble metals. Actually CH3 
species on Si(lll) remains undecomposed 
at 600 K in vacuum [5]. Related to this, 
the covalently bonded species are antici- 
pated to be immovable along the surface, 
as the C— Si bonds on the single-crystalline 
planes are electronically localized. More 
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practically, Si surfaces covered with grafted 
organic moieties have been frequently 
reported to be robust against the prac- 
tical environment and even in powerful 
reagents [6-9]. It is certainly amazing that 
just one monolayer of organic fragments 
can nullify the harsh reactivity of the 
clean Si surface, such as Si(l 1 1)-(7 x 7) 
reserved in vacuum, into inertness in the 
atmosphere. 

The robustness of organic-modified 
Si(lll) frequently attracts interest appli- 
cation. The passivation and modification 
of electronic properties were conducted 
by Buriak on porous Si surfaces, on 
which the organic adsorbate was utilized 
for photolithography and photolumines- 
cence [10]. Modification of electronic prop- 
erties was frequently attempted [10-14]. 
Application for biochemical analysis has 
also been extensively pursued. Hamers 
et al. reported fixation of single strand 
DNA by covalent linkage on Si and other 
semiconductors, and performed electro- 
chemical detection of DNA hybridiza- 
tion [15, 16]. This attempt is probably the 
leading edge in the development of intel- 
ligent biochips with integrated electronics 
for signal detection and processing. An- 
other category of prospective application 
is electronics by molecular chains. Lopin- 
ski et al. first found a chain reaction of 
styrene adsorption on a (2 x l)-hydrogen- 
terminated Si(100) wafer [17]. The single 
line composed of adsorbed molecules 
can be easily imagined as a material of 
molecular wires [11, 18], and the elec- 
tronic properties of this “nanowire” were 
examined [19]. Figure 2 shows scanning 
tunneling spectroscopy (STM) images of a 
styrene chain formed on H:Si(100)-(2 x 1), 
in which the electronic orbitals in each 
styrene adsorbate are modified by the ex- 
istence of a dangling bond located at one 
end of the chain. This phenomenon was 
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C H Si C-Si bond 



Fig. 1 Schematic view of hydrocarbon adsorbates covalently bonded on Si (1 1 1) 
surface, (a) Single-chain alkyl fixed by one C — Si bond, (b) Bridging hydrocarbon fixed 
by two C — Si bonds. 



(a) 


(b) 


(c) 


Fig. 2 Visualization of the electrostatic potential 
emanating from a point source for a styrene 
chain on H:Si(100). (a) With negatively charged 
dangling bonds labeled DB1 and DB2. The 
prominent white bar is a line of surface-bound 
molecules. At increased sample bias of — 2.4 V, 
molecular p-states are "turned on", causing 
molecules to appear bright (topographically 
elevated) and of nearly constant height across 


the line, (b) At an intermediate bias of — 1 .8 V, 
molecules appear darker, increasingly so at 
greater distances from DB1. (c) In the absence 
of a negative dangling bond all molecules would 
appear dark at —1 .6 V, but the molecules nearest 
to the dangling bond remain prominent. 

(Figure 1 of P. G. Piva, G. A. DiLabio, J. L. Pitters 
et al., Nature 2005, 435, 658 [19]). 


explained on the basis of molecular-orbital 
calculation. 

Despite those prospects of practical ap- 
plications, the details of structure and 
composition of the organic adlayer, which 
directly influence the quality of surface, 


have not been always well recognized. 
The practical criterion that characterizes 
covalent adsorbates on semiconductor sur- 
faces is that every dangling bond gener- 
ated by the truncation of a single crystal 
should be terminated by an adsorbate. The 




dangling bonds on surfaces of Si and Ge 
are reactive with O2 and other components 
of air and would result in the deterioration 
of the whole surface. If the surface is 
supposed to be handled in air or in liq- 
uid, complete rejection of dangling bonds 
should be achieved by appropriate reaction 
and handling conditions. The discovery of 
H:Si(lll)-(l x 1), on which every surface 
Si is monohydride terminated [20], was an 
epoch-making event to open up the field 
of organic chemistry on semiconductors 
handled out of ultrahigh vacuum (UHV). 

There are some typical cases in which 
every surface Si atom is actually termi- 
nated by one C— Si bond, namely, that in 
which the stoichiometric full coverage is at- 
tained. On clean Si(100), (2 x 1) adlattices 
can be formed by cycloaddition of cyclic 
olefins onto surface Si— Si dimers [21]. 
Hamers et al. presented a highly ordered 
adlayer terminating all Si atoms just by 
exposing clean Si(100)-(2 x 1) to gaseous 
cyclopentene (C5H8) in UHV environ- 
ment [22]. Figure 3 shows STM images of 
cyclopentene molecules bonded in paral- 
lel to the dimer rows of Si(100)-(2 x 1) 
terraces. This sort of full-coverage adlayer 
can be expected only when the adsorbate is 
small enough to be contained within one 
(2 x 1) supercell. 
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On Si(lll), it was demonstrated that 
even CH3-, the smallest alkyl moiety, fills 
most of the space over a single-crystalline 
Si(lll) surface when every surface Si 
is terminated by one CH3 group [24]. 

Even a C2H5- group is slightly too 
bulky to be accommodated within Si(lll)- 
(1 x 1) unit cell. Because steric hindrance 
is anticipated between adsorbates, most 
of the organic moieties cannot make 
one-by-one termination of Si(lll) in a 
macroscopic area [12]. 

Attempts to make an adlayer with 
species bulkier than those typical adsor- 
bates inevitably lead to formation of a 
mixed adlayer with small adsorbates that 
fill the spacing areas, such as terminat- 
ing H, OH, or silicon oxide. Long-chain 
alkyls and aromatics cannot be accommo- 
dated without such spacing species [25]. 

This sort of monolayer usually exhibits 
a good robustness and is as useful as 
fully terminated surfaces. On the basis 
of fundamental surface science on single 
crystals, it is preferable to arrange or- 
ganic adsorbates and spacing adsorbates 
in a well-ordered manner, such as desig- 
nated (m x n) periodicity (m, tv. integer). 

On real adlayers, the adsorbates are ar- 
ranged randomly [26]. This is a difficulty in 
obtaining ordered adlayers due to the lack 



Fig. 3 High-resolution STM images of cyclopentene. (a) Cyclopentene adsorbed on “on-axis” 
Si(001). (b) Clean surface of 4°-miscut Si(001) showing double-height steps, (c) Cyclopentene 
adsorbed on 4°-miscut Si(001), showing retention of molecular orientation across step edges. 
(Figure 3 of J. S. Hovis, H. Liu, R. J. Hamers, Appl. Phys. A 1998, 66, S553 [23]). 
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of mobility along the surface, compared 
with the cases of small admolecules on 
noble-metal surfaces, which can be put in 
order by thermalization. One exceptional 
case, reported by Allongue et al. [7, 27], is 
a series of para-substituted phenyl groups 
grafted by electrolysis of precursor dia- 
zonium cations on hydrogen-terminated 
Si(lll). Their STM images were explained 
to represent a (2 x 1 ) adlattice composed of 
phenyls and terminating hydrogen atoms 
arranged alternately. 

Another microscopic structural issue to 
be tackled is the detailed bonding ar- 
rangement near the anchoring part. The 
structure of the anchoring part depends 
on the method of forming the C— Si bond. 
The most frequently used method of or- 
ganic deposition is called hydrosilylation, 
in which hydrogen-terminated Si surfaces 
are treated in terminally double-bonded 
olefins with a proper source of excita- 
tion (radical initiator, heat, light) or by 
catalysis. In such treatment, one should 
consider not only the formation of iso- 
meric adsorbates but also the reactions 
at unexpected portions in the reactant 
molecule. Attachment of olefins modified 
with functional groups is more compli- 
cated as the functional groups may be 
more reactive with hydrogen-terminated Si 
than terminal C=C. Photoadsorption of 1- 
amino-3-cyclopentene in liquid phase onto 
H:Si(100) seemed to deposit molecules 
linked to Si by C=C and those by NH 2 [28]. 
The technique of protected derivatives 
commonly used in organic synthesis was 
applied on Si(100) surface to deposit 
amino-terminated hydrocarbons [29]. 

In general, we should assess the by- 
products and contamination during the 
process of deposition as well as dur- 
ing the procedure of surface analysis. 
Oxidation of Si substrate cannot be 
avoided completely in treating H:Si(lll) in 


aqueous/nonaqueous solvents in conven- 
tional sealed glassware. Oxidative reagents 
should be avoided in solutions. We also 
have to be careful of the hydrocarbon 
contaminants in atmosphere, which often 
obscure the target adsorbates and bother 
surface analysis. Most surface-sensitive 
analytical tools can usually present ade- 
quate information on contaminants with 
high fidelity. The signs of impurities 
should be carefully watched and quan- 
tified by proper methods of calibration 
under cross-checking with different tech- 
niques. In this article, the procedures to 
handle Si wafer surfaces are briefly dis- 
cussed in terms of deposition reaction and 
surface analysis. Then, some topics on 
hydrogen-terminated Si(lll) and chlorine- 
terminated Si(l 1 1) that emerged in the last 
few years are introduced. To learn more 
about the development of this field, the 
review articles by Yates et al. [30], Wayner 
et al. [31], Wolkow [32], Bent et al. [33, 34], 
and Buriak [35] are excellent. 

1 . 3 . 2. 2 Handling of Si Specimens for 
Adsorbate Preparation and Surface Analysis 

Surface treatment of Si wafers as pur- 
chased usually starts with degreasing by 
sonication or rinsing in organic solvents. It 
is a good idea to use two kinds of solvents, 
such as trichloroethylene and acetone, 
which dissolve different kinds of organic 
debris. Then the wafers are subjected to ex- 
tensive oxidation in reagent mixtures such 
as H 2 SO 4 + H 2 O 2 (3:1, 100°C, Sulfuric 
acid-Peroxide Mixture, SPM or “piranha” 
solution), NH 4 OH + H 2 O 2 (Ammonium- 
Peroxide Mixture, APM), HC1 + H 2 O 2 
(90 °C, Hydrochloric acid-Peroxide Mix- 
ture, HPM), diluted HNO 3 + H 2 0 (1:1, 
90 °C), and so on. The sacrifice ox- 
ide layer after treatment in such so- 
lutions is approximately 10 -nm thick. 
To obtain a homogeneous thickness of 



the oxide layer, the wafers are some- 
times pretreated in HF (a few percent) 
to remove irregular precovering oxide 
layer. 

For Si(lll), etching in dilute FIF or 40% 
aqueous solution of NH4F at room temper- 
ature effectively removes the oxide layer to 
form ideal H:Si(lll)-(l x 1) [20]. The pro- 
duced surface can be kept clean in air for at 
least a few minutes. The surface is strongly 
hydrophobic, and microscopic perfection 
of H:Si(lll)-(l x 1) was well studied by 
various methods [36, 37]. Spectroscopically 
useful D:Si(lll)-(l x 1) can be prepared 
by fluoride solution in D2O [38, 39]. For 
hydrogen-terminated Si(100), H:Si(100)- 
(2 x 1) and FF:Si(100)-(3 x 1) are well 
known [40]. FI:Si(100)-(2 x 1) is composed 
of surface Si— Si dimers with each Si 
terminated by one hydrogen atom. The 
FkSi(lOO) (3 x 1) surface is composed of 
alternate rows of monohydride dimers 
and dihydride silicon atoms [41]. These 
surfaces can be prepared by atomic H 
treatment of clean Si(100)-(2 x 1) or heat- 
ing in high-pressure hydrogen gas [42], 
The surface usually contains unterminated 
dangling bonds (neutral Si surface mono- 
radicals), which can hardly be eliminated 
by extensive hydrogen treatment [43], Due 
to such dangling bonds, the surface can- 
not survive in the atmosphere [44]. Etching 
of Si(100) in fluoride solutions results in 
an inhomogeneous surface composed of 
partially (100)-(2 x 1) and (111) facets [45] 
and the surface is much less defined than 
H:Si(lll)(l x 1). 

The process of adsorbate deposition 
should be carried out in a well-controlled 
environment. UHV is ideal in storing the 
surfaces and is indispensable for handling 
clean Si surfaces of Si. UHV chambers and 
tubings are convenient for most heating 
and gas exposure treatments. H:Si(lll) 
and organic-modified Si surfaces are 
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resistive to air and can be passed between 
vacuum or purged containers through 
air. Immersion of H:Si(lll) in water 
without deaeration promotes oxidation of 
the surface [9]. It is difficult to perform 
liquid-phase reactions on H:Si(l 1 1) for 
an extended period of time in aqueous 
solutions unless some reducing reagents 
are added. Reactions in organic solvents 
are successfully performed in airtight 
glassware or glove boxes purged with inert 
gas, such as N2 or Ar. The specimens 
should be rinsed and dried under a dry 
atmosphere after the reaction. However, 
just a short period of exposure to the 
atmosphere does not usually oxidize the 
surface to any detectable extent and 
the laboratory procedures can be done 
conveniently. 

Introduction of the Si specimens into a 
vacuum chamber should be done carefully. 
When the specimen is in the atmosphere, 
H:Si(lll) and organic-modified Si are not 
positively contaminated within a short 
period. The largest chance of contamina- 
tion is when the surface is in the stage 
of initial vacuum pumping. The resid- 
ual gas in the vacuum generated by oil 
rotary pump is water and oil, and the 
latter causes severe hydrocarbon contam- 
ination. It is necessary to use an oil-free 
pump, such as liquid-nitrogen cooled sorp- 
tion pump or helium cooled cryopump, 
for evacuation from atmospheric pressure. 

After quick, clean evacuation from the at- 
mospheric pressure to ~-10 _4 Torr, the 
vacuum container can be switched to a tur- 
bomolecular pump running at top speed. 

By this procedure, contamination by hy- 
drocarbons and oxidation can be reduced 
below the limit of spectroscopic detection. 

In UHV, electron sources sometimes de- 
liver hydrocarbon contamination on Si. 
Operation of a B-A gauge placed on a 
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line of sight from the specimen should be 
avoided. 

1 .3.2.3 Summary of the Latest Researches 

1.3. 2. 3.1 Adsorption of Terminal Olefins 
on H:Si(lTI) Since 1995 when Linford 
et al. first reported the fabrication meth- 
ods of long alkyl chains (>10 carbons) [6], 
the reaction between H:Si(l 1 1) and ter- 
minally double-bonded olefins (1-alkenes) 
has been accepted as a practical method 
of organic deposition. The adlayer of long 
alkyl chains is robust and convenient to 
stabilize Si surfaces and to make modifica- 
tions over the adsorbates. The deposition 
reaction was activated by the coexistence 
of a radical initiator in liquid phase [6], by 
heating [6], by light irradiation [46-48], or 
by using Lewis-acid catalysis. Use of di- 
luted olefins in an inert solvent (such as 
saturated alkanes) improves the quality of 
the alkyl adlayer [49]. 

Linford et al. first hypothesized that the 
spacing species to accommodate alkyl 
chains on Si(lll) is OH species accord- 
ing to X-ray photoelectron spectroscopy 
(XPS) observation [6]. The origin of OH 
might be the peroxide radical initiator or 
O 2 dissolved in the reaction fluid. Most 
of the succeeding researches using long- 
chain alkenes lack in assessment of oxygen 
directly bonded on the Si surface. The 
long-chain alkyls may screen the adsor- 
bates nearest the surface Si atoms, and 
the wetting and chemical properties of the 
whole adlayer usually seem not to be af- 
fected by the existence of oxygen adsorbate. 
Small portions of SiC >2 deposited during 
the adsorption process are considered to be 
the nuclei of SiC >2 island enlargement [7]. 
Adsorption of O can be due to acciden- 
tal oxidation from the environment, and 
the residual amount of surface oxygen is 
an index of the reproducible, well-defined 


adlayer. Oxygen not incorporated in Si02 
at Si surface is often detected by XPS [25] 
or Auger electron spectroscopy (AES) [9], 
which is supposed to be oxygen attached 
to the adsorbates, or just H 2 O molecules 
entangled in the adlayer. Webb et al. sum- 
marized the extent of substrate oxidation 
depending on the method of reaction ac- 
tivation [13], in which the best quality was 
attained by Grignard reaction on chlori- 
nated Si substrate discussed in the next 
chapter. 

This category of methods has been 
most utilized to form adsorbates including 
functional groups. Sieval reported amino- 
terminated alkyl grafted on hydrogen- 
terminated Si(100) by a rather so- 
phisticated amine protection/ deprotection 
process to avoid direct reaction of NH 2 
and Si surface [50]. A small extent of 
substrate oxidation was not inevitable, 
probably due to the treatment in aqueous 
solution for hydrolysis. Strother et al. [15] 
deposited amino-terminated decyl by a 
similar protection/deprotection method, 
and furthermore grafted DNA on the 
amino group. The adsorbates are bulky 
and the substrate-adsorbate interface did 
not perhaps affect the function of DNA. In 
some cases the attachment of functional 
groups to Si surface can be avoided by the 
difference of reaction rates between the ter- 
minating double bond and the functional 
group [39, 51], 

The mechanism of hydrosilylation has 
been elucidated as the ejection of a 
terminating hydrogen atom to form a Si 
dangling bond followed by an attack of the 
terminal double bond in olefin to form 
C— Si bond [6]. The C radical, generated 
in the preadsorbate as a result of C— Si 
bond formation, immediately picks up 
a neighborhood surface-terminating H, 
leaving one Si dangling bond. A complete 
alkyl adsorbate is then formed. The leftover 



dangling bond again captures olefin. The 
dangling bond (-Si) plays the role of chain 
carrier for the whole process, which is 
formulated as: 
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reason presented to reject the secondary 
type (sec-type). Recently, Yamada et al. pre- 
sented a vibrational evidence that sec-type 
and M-type adsorbates from gaseous ally- 


radical initiator, A, or hv 

H:Si(lll)(surface) > 

• Si(surface) + -H(This • H dissipates away.) (1) 

R-CH=CH 2 + -Si(surface) » R-(CH-)-CH 2 -Si(surface) (2) 

R— (CH-) — CH 2 — Si(surface) + H:Si(lll)(surface) > 

R— CH 2 — CH 2 — Si(surface) + -Si(surface) (3) 


This process is actually visualized by 
Lopinski et al. [17], who revealed the chain 
growth of styrene along the dimer row 
of H:Si(100)-(2 x 1) by STM. They could 
discern isolated dangling bonds (vacan- 
cies of hydrogen termination) and styrene 
admolecules in UHV. Adsorption of 
styrene takes place on a site nearest to 
a dangling bond, and one end of the 
styrene chain is always accompanied by a 
dangling bond. Lopinski et al. proposed a 
similar reaction mechanism on H:Si(lll)- 
(1 x 1). [52] Recently, the photoadsorption 
of allylamine (CH 2 =CH— CH 2 NH 2 ) on 
D:Si(lll)-(l x 1) was performed, and in- 
corporation of surface-terminating D into 
alkyl adsorbate was evidenced by vibra- 
tional analysis [39], 

The activation by Lewis-acid catalyst, 
such as C 2 H 5 A 1 C 1 2 , was explained to 
proceed by the generation of surface Si 
cationic radical [13, 53], which seems to 
be taken over immediately by adsorbate 
bonding. 

Strictly speaking, the anchoring C— Si 
part of olefin-originated alkyls can be ei- 
ther of primary carbon or of secondary 
carbon. Figure 4 shows these two types of 
adsorbates for allylamine precursor. The 
primary type («-type) is simple and usu- 
ally accepted, while there had been no 


lamine appear sequentially according to 
the increase of total coverage [39]. The ad- 
sorbates of sec-type were characterized by 
the vibrational modes of — CH 3 group, 
which the sec-type adsorbates nominally 
contain. The photoreaction was performed 
in an UHV setup, which is ideal for impu- 
rity rejection and the succeeding surface 
analysis. 

Another possibility for future in-depth 
consideration is whether the alkyl chains, 
which are considered to be indifferent of 
H-terminated Si surface, may be excited 
and subjected to bond formation with Si 
besides the reaction of double-bond end. 
This causes the formation of bridge type 
adsorbates, such as shown in Fig. lb. The 
photoadsorption of 1-butene on H:Si(lll) 
did not yield CH 3 vibrational signals, 
indicating that the original methyl end in 
1-butene was destroyed [39]. The existence 
of a bridge type adsorbate on Si(lll) has 
not been recognized widely so far but it will 
be interesting to find a concrete method of 
preparation and to exploit its characteristic 
macroscopic properties. 

1.3. 2. 3. 2 Grignard Reaction on Halo- 
genated Si (1 1 1 ) The formation of C— Si 
bond by Grignard reagents (C„, H„MgX, 
X=C1, Br, I) has been widely used in 
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H N C Si 

c • c c 



(a) (b) 

Fig. 4 Schematic view of allylamine adsorbates anticipated on Si (1 1 1) surface, 
(a) Primary (n-type) adsorbate, (b) secondary (sec-type) adsorbate. 


organosilicon synthesis, and Si(lll) was 
also subjected to Grignard reaction in the 
early stage. Bansal et al. [54, 55] chlori- 
nated H:Si(l 1 1) in a benzene solution of 
PCI 5 under coexistence of radical initia- 
tor and then immersed the chlorinated 
surface in alkyl -Li solution or alkyl- MgX 
solution. Despite imperfect impurity re- 
jection and surface analysis, this work was 
pioneering in the use of alkylating reagents 
on Si surfaces. The mechanism is simply 
formulated as: 

RMgX+ Cl:Si(lll) » 

R:Si(lll) + MgXCl (4) 

Grignard reagents are delivered as 
solutions in diethylether or tetrahydro- 
furan (THF), which are commercially 
available. 

The precursor halogenated Si surfaces 
had not been put into detailed 
investigation until recently. Lopinski 
etal. [56, 57] reported well-ordered 


monolayers of Cl:Si(lll)-(l x 1) and 
Br:Si(lll)-(l x 1) examined by STM 
and high-resolution electron energy 
loss spectroscopy (HREELS) formed by 
(photo-)reaction in gaseous CI 2 or Br 2 
on H:Si(lll). The surface was composed 
almost solely of monohalide Si atoms. 
The halogenated surfaces were atomically 
flat with low defect density, even better 
than hydrogen-terminated Si(lll) (Fig. 5). 
Removal of surface Si atoms as gaseous 
Si halides is considered to be involved 
in flattening the modified surfaces. 
Cl:Si(lll) and Br:Si(lll) slowly react 
with components of air and should be 
handled in vacuum or in inert gas. 
Recently Rivillon et al. [58, 59] applied an 
outstanding method of surface infrared 
spectroscopy and detected Cl— Si vibration 
signals. 

As one of the most attractive topics in 
the field of Si surface science, the forma- 
tion and structure of methyl-terminated 
Si(lll) by Grignard reaction has been 
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(a) (b) 

Fig. 5 STM constant current images of 
halogenated Si (111) prepared by gas phase 
reactions at room temperature; 

(a) Cl /Si (111 )-50 x 50 nm, —1 V (sample bias), 


(C) 

40 pA, (b) Cl/Si(l 1 1)-6.5 x 6.5 nm, -0.5 V, 
50 pA, (c) Br/Si (1 1 l)-6.5 x 6.5 nm, 

—0.4 V, 400 pA. (Figure 2 of B. J. Eves, G. P. 
Lopinski, Saif. Sci. 2005, 579, L89 [57]). 



(a) (b) 

Fig. 6 (a) A wide-range STM image of 

methylated Si (1 1 1 ). 

Scan size = 500 nm x 500 nm, 

gap voltage = —1.21 V (sample negative), 

preset tunneling current = 2.58 nA. (b) A 


(c) 

high-resolution STM image, 10 nm x 10 nm, 

-1 .48 V, 2.38 nA. (c) 4 nm x 4 nm, -1 .51 V, 
19.65 nA. (Figures 3 and 4 ofT. Yamada, M. 
Kawai, A. Wawro et al.,J. Chem. Phys. 2004, 12 1 
10660 [24]). 


studied in detail. The CH3- group is prob- 
ably the only hydrocarbon species that 
can terminate Si(lll) in (1 x 1) periodicity 
with practical stability. Terry et al. exam- 
ined a methyl-terminated Si(lll) from 
Cl:Si(lll) and Cl I ? Li by X-ray photoelec- 
tron diffraction and spectroscopy aided 
by synchrotron radiation [60]. They con- 
cluded that the length of C— Si bond 
vertical to the surface is 0.186 nm. Bansal 
et al. [55] listed the results for CH3 and 
longer alkyls and assumed that CH3 can 
terminate every surface Si atom on Si(lll) 


on the basis of geometrical consideration. 
Webb et al. [13] also extensively compared 
the perfection of alkyl adlayers prepared by 
various methods. 

A concrete evidence for methyl (lxl) 
termination was presented by Yamada 
et al. [24, 61] as high-resolution STM 
images. Figure 6 shows the flatness of the 
methylated surface viewed in a wide zone, 
as well as the lattice of methyl moieties 
arranged in (lxl) periodicity. The fea- 
tures representing methyl groups changed 
according to the STM gap voltage. The 
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Fig. 7 H REELS of the methylated Si (1 1 1). H REELS incident electron energy 
2.84 eV, incident angle = exit angle = 60° from the surface normal. The full 
width at half maximum of inelastic peak = 7.6 meV. 2944 cm -1 : C— H 
stretching, 1423 cm -1 : CH 3 umbrella motion, 1268 cm -1 : CH 3 asymmetric 
bending, 1099 cm -1 : Si - O stretching in SiC> 2 , 789 cm -1 : CH 3 rocking, 

683 cm -1 : C — Si stretching, 507 cm -1 : C — Si bending. (Figure 2 of T. 
Yamada, M. Kawai, A. Wawro et al .,_/. Chem. Phys. 2004, 727, 10660 [24]). 


features actually represent the electron or- 
bitals, and it is difficult to extrude the 
geometric arrangement of H atoms in 
CH 3 just by viewing the images. HREELS 
of CH 3 :Si(lll)-(l x 1) was also presented 
(Fig. 7), indicating all the characteris- 
tic vibration modes including the C— Si 
stretching motion. The amount of SiC >2 
impurity, sensitively detected by HREELS, 
was controlled below 0 . 1 %. 

In terms of the movement of ad- 
sorbed CH 3 group, the rotation about 
the C— Si axis vertical to the surface 
is attractive. However, so far no meth- 
ods have been found to observe this 


rotation collectively. The energy barrier 
of rotation excitation may be analogous 
to that of torsion of C— Si bond in an 
isolated CH 3 — SiH 3 molecule, which cor- 
responds to a frequency of 590.5 cm -1 . 
Yu et al. performed STM imaging of 
CH 3 :Si(lll)-(l x 1) at the low temperature 
of 4.7 K [62], They claimed that the rotation 
of every CH 3 group was locked at a posi- 
tion of C— H bonds rotated by (7 ± 3)° 
away from the center of the neighboring 
— CH 3 group. 

It is interesting to address the elec- 
tronic property of CH 3 :Si(lll)-(l x 1) not 
only for the purpose of application as 




the lithography resist layer but also 
as the basis of nanoelectronic devices. 
The I-V characteristic curve of STM 
reached a peak at — 1.5 eV in the occu- 
pied levels additionally to the I-V curve 
of H:Si(lll). This peak corresponds to 
the electronic state that contributes to 
electronic conduction through the surface. 
This conducting property is also material- 
ized in an electrolytic phenomenon. Niwa 
etal. [61] demonstrated that CH 3 :Si(lll)- 
(1 x 1 ) as an electrode in an aqueous 
redox solution exclusively lowers the peak 
potential of redox reaction. CH 3 :Si(lll)- 
(lxl) was also applied as the ul- 
trathin channel medium of field-effect 
transistor [14]. 

As for Grignard reagents containing 
alkyl groups larger than methyl, the space 
filling of adsorbates does not geometri- 
cally allow every Si atom to be terminated, 
and a certain part of terminating Cl atoms 
must be left over in the space between 
alkyl adsorbates. Such Cl atoms are consid- 
ered to be replaced by oxygen-containing 
species during rinsing or by exposure 
to air. Webb et al. reported that high- 
resolution XPS did not detect Cl after 
deposition of C 2 H 5 - or C 6 H 5 -CH 2 - on 
Cl:Si(lll) rinsed in methanol [25]. The 
possible terminating species was antici- 
pated to be hydrogen. The replacement 
of residual Cl species is probably un- 
controllable and introduces more chances 
of contamination. It is certainly easier 
to replace a part of the terminating 
hydrogen atoms on H:Si(l 1 1) by alkyl 
groups. This issue is discussed in the next 
chapter. 

1.3. 2. 3. 3 Grignard Reagents and H:Si(lVI) 

H:Si(l 1 1) is less likely than Cl:Si(lll) 
to react with alkylmagnesium reagents 
according to the classic formulation of 
Grignard reaction. However, so far, many 
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cases of adsorbate formation on hydrogen- 
terminated Si surfaces have been re- 
ported. Kim et al. [63] first reported deriva- 
tization of hydrogen-terminated porous 
silicon by Grignard reagents. They in- 
cluded a quenching procedure with acetic 
acid after the Grignard reaction. By 
using CH 3 COOD, incorporation of Si- 
terminating D species was detected. Kim 
etal. explained this process by dissocia- 
tive insertion of R— MgX into Si— Si bonds 
just below the surface (called backbonds). 

The formation of Si— R and Si— MgX 
was assumed, and the Si— MgX species 
was considered to be quenched in Si— D 
by the presence of deutrated acetic acid. 

This interpretation fitted with a rather 
rough surface of porous Si, which was 
advantageous in the detection of surface 
products. 

Formation of decyl (C 10 H 21 - ) adsorbates 
by decyl Grignard reagent on H:Si(lll) 
was first performed by Boukherroub 
et al. [64] The atomic force microscope 
(AFM) images of alkyl-terminated Si(lll) 
show a flat Si surface without any sign 
of pit formation related to the backbond 
breakage. Replacement of terminating H 
with decyl groups was recognized. The ro- 
bust properties of this surface were found 
to be the same as those formed by alkene 
photoadsorption or by Lewis-acid catalysis. 
Boukherroub et al. concluded that a new 
mechanism of Grignard reagent should 
be proposed to replace terminating H [64]. 

On flat H:Si(lll), rinsing in a THF so- 
lution of CF 3 COOD did not introduce 
D-Si [65], 

The formation of C— Si bond in 
methyl Grignard reaction on H:Si(lll) 
was first evidenced by Yamada et al. [5]. 

The STM images of CH 3 MgBr-treated 
H:Si(lll) showed that methyl groups 
just formed small lattice patches and 
adsorbates were randomly placed with 
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a significant open area [66]. Careful 
use of D:Si(lll) and HREEL showed 
C— Si stretching signal at 678 cm -1 [5]. 
The HREEL spectra always contain 
H(D)-Si stretching signal, indicating 
that Grignard reaction cannot completely 
remove original terminating hydrogen 
atoms. 

At the same time, a limitation was 
recognized in detecting organic adsor- 
bates and terminating hydrogen by in- 
frared spectroscopy. The H— Si stretch- 
ing signal at 2090 cm -1 became invisible 
to IR as the coverage of organic in- 
creased [26]. However with HREELS, the 
H— Si signal was apparently detected on 
surfaces prepared under the same con- 
dition. Infrared spectroscopy seems to 
be more affected by adsorbate screen- 
ing effects than HREELS. [5] This fact 
influences the interpretation of spectra 
of CH 3 :Si(lll) formed by electrochemical 
anodization in a Grignard reagent solu- 
tion, that 100% methylated surfaces were 
obtained [67, 68]. 

The Grignard reaction on H:Si(lll) is 
probably the most useful method to obtain 
robust Si surfaces for practical purposes. 
The adlayers formed are constantly a 
mixture of alkyl and H regardless of the 
chain length. The C signals of AES [26] 
and XPS [55] indicating the saturation 
coverages are proportional to the chain 
length, indicating that the adsorbate-wise 
areal density is constant, regardless of the 
chain length. The chance of unwanted 
substrate oxidation during the fabrication 
process can be minimized, compared to 
the case for Cl:Si(lll). More varieties 
of hydrocarbons, such as branched or 
unsaturated hydrocarbon moieties [26, 39, 
65], can be deposited with adequate 
stability. In nearly all the cases, the 
hydrocarbon groups are transferred to 
the Si surfaces within the precursor 


Grignard reagents without isomerization 
and component detachment. The alkyl- 
hydrogen mixed adlayers are strongly 
hydrophobic and resistive toward dissolved 
oxygen in water [9], alkali solutions [64], or 
even in a Cu-plating solution containing 
F“ for a short period [9], 

The mechanism of H:Si(lll) replace- 
ment by Grignard reagent has not been 
elucidated on the basis of concrete ex- 
perimental evidences. Recently Fellah 
et al. proposed a mechanism involving 
a trace amount of alkyl halide residue 
contained in the Grignard reagent so- 
lution [69]. Decyl bromide intentionally 
added in a diethylether solution of de- 
cyl magnesium bromide significantly ac- 
celerated deposition of decyl groups. 
Treatment of H:Si(lll) in pure tetrade- 
cyl bromide yielded a finite amount of 
alkyl adsorbate and a significant amount 
of SiC> 2 . It was difficult to compare 
the reaction kinetics with the Grignard 
reagent. The effects of alkyl halide were 
scrutinized by voltammetric electrolysis 
of Grignard reagent, by using «-type 
and p-type silicon, and by consider- 
ing the electronic and thermodynamic 
energy levels of RX, RMgX, and Si. 
Although this analysis was not com- 
pleted, we can expect the application of 
alkyl halides as the alkylation reagent to 
open a new route to organic deposition 
on Si. 
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1 .4.1 .1 History of the Langmuir-Blodgett 
(LB) Film 

Surface films of materials that have very 
poor solubility in the supporting liquid 
phase but exhibit interesting and useful 
properties, have been recognized for cen- 
turies. The materials forming the so-called 
insoluble monolayers, such as fatty acids, 
are essentially insoluble in water but are 
still surface active. 

By 1919, under Langmuir’s guidance, 
Miss Katharine Blodgett had succeeded in 
transferring fatty acid monolayers from 
water surfaces to solid supports. Such 
built-up monolayer assemblies are now re- 
ferred to as Langmuir-Blodgett (LB) films, 
while floating monolayers at the air-water 
interface are called Langmuir films. The 
first formal report describing the prepara- 
tion of built-up films did not appear until 
1935 [1]. A series of their pioneering works 
are introduced in the book by Gaines [2] 
together with the contributions of other 
early investigators, including the earliest 
scientific paper on the effect of oily films 
on water by Benjamin Franklin in 1774 
[3], and the preparation of the first mono- 
layers at the air-water interface by Agnes 
Pockels in 1891 [4]. The LB method was 
the first technique to provide a chemist 
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with the practical (and still the most exten- 
sively used) capability to construct ordered 
molecular assemblies. 

In the mid-1960s, Hans Kuhn et al. 
began their stimulating experiments 
on monolayer organization [5]. A 
self-assembled monolayer (SAM) was 
introduced as a possible alternative to the 
LB films. The LB and SAM films have 
attracted much attention recently, because 
optoelectronics and molecular electronics 
have become areas at the frontier of 
materials science [6]. For more details of 
the historical aspects, the reader is referred 
to a relevant textbook [7] as well as to the 
Gaines’ book mentioned earlier. 

1 .4.1 .2 Basic Principles of Surface and 
Film 

Surface Tension A molecule in a liquid 
bulk phase is bound to the neighboring 
molecules surrounding it. But a molecule 
at the surface misses the contact with the 
neighbors on top (Fig. 1). Such a molecule, 
therefore, has higher energy than the 
molecule in the bulk phase. When increas- 
ing the surface of a liquid, the number 
of molecules in energy-rich interfacial po- 
sitions increases. The free energy change 
with increasing the surface area by a small 
amount dA in a reversible way is propor- 
tional to dA: 

dG = ydA (1) 

The proportionality constant y is called 
surface energy or surface tension. In sur- 
face science, y is the most fundamental 
quantity. Considering such a situation as 
illustrated in Fig. 2, we can empirically 
define y by the following equation: 
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Fig. 1 Higher energy of a molecule at the surface than in the bulk. 



where / is the force required to withdraw 
a soap film from a surfactant solution by 
lifting a movable frame and L is the length 
of the movable frame. Because the film 
has a front and back side, twice Ly should 
be balanced with /. From the viewpoint of 
this empirical law, we call the proportional- 
ity constant surface tension, the dimension 
of which is (N m _1 ). 

There have been various methods for 
measuring the surface tension [2]. The 
Wilhelmy plate is commonly employed in 
the usual LB apparatuses to monitor the 
change in the surface pressure. In the 
Wilhelmy method [8], the force balanced 
with the surface tension is determined by 
a plate vertically suspended and partially 
immersed in the water phase. Figure 3 
illustrates the experimental configuration. 


2 Withdrawing a soap film. 


The liquid surface near the three-phase 
contact line is oriented almost vertically. 
Thus, the surface tension drags the plate 
downward. For a rectangular plate of 
dimensions /, w, and t, immersed to a 
depth h in a liquid (as shown in Fig. 3), the 
net downward force, F, is given by 

F = 2 y(t + w) cos 0 + pp glwt — pigtwh 

( 3 ) 

where 6 is the contact angle, pp is the 
material density of the plate, g is the grav- 
itational acceleration, and pl is the density 
of the liquid. The second and third terms 
on the right-hand side of Eq. (3) repre- 
sent the downward gravity force and the 
upward buoyancy force, respectively. The 
usual procedure is to choose appropriate 
materials for the plate (quartz, glass, mica, 
platinum, and filter paper) that should 






Fig. 3 A Wilhelmy plate: 

(a) front view; (b) side view. 


be completely wettable by the liquid (i.e. 
0 = 0) and measure the change in F for 
a stationary plate (h = const.). The change 
in force AF is then related to the change 
in surface tension Ay by 


AF 

2 (t + w ) 


(4) 


If the plate is thin, so that t <§C w, then 


AF 

Ay = — 
2 w 


(5) 


Thus, Wilhelmy method can be used 
without any correction factors. 


Surface Activity The chemical species 
given the general name of surface-active 
agents or surfactants have a special 
tendency to adsorb at interfaces, or to 
form colloidal aggregates in solution at 
very low molar concentrations. A surface- 
active material possesses “lyophobic” part, 
which has little attraction for the solvent, 
and “lyophilic” part, which has a strong 
attraction for the solvent, in its chemical 
structure. In water-based systems, the 
terms hydrophobic and hydrophilic are 
quite frequently employed in place of 
“lyophobic” and “lyophilic,” respectively. 


Fig. 4 Typical structure of 
surface-active molecules. 
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Figure 4 illustrates the basic molecular 
structure of surface-active materials. Such 
materials are also referred to as being 
amphiphilic. If the hydrophobic tail group 
is present in an aqueous phase, the wa- 
ter structure will be unfavorably distorted. 
Such a distortion (in this case ordering) 
of the water structure surrounding the hy- 
drophobic group decreases the overall en- 
tropy of the system. This entropy, however, 
is regained when surfactant molecules are 
transported to the water surface and the 
associated water molecules are released. 
Since less energy is required to bring 
surfactant molecules to the air-water in- 
terface relative to water molecules, the 
presence of the surfactant decreases the 
energy required to expand the interfacial 
area. If the water molecules on the sur- 
face are replaced by adsorbed surfactant 
molecules with lower specific excess sur- 
face energy, the surface tension of the 
solution is decreased. 

The fundamental principle of the surface 
activity is expressed by the Gibbs adsorp- 
tion equation: 


c d y 

RT dc 


( 6 ) 


Hydrophilic head group 



Hydrophobic tail group 
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This equation relates the surface tension 
y to the surface excess T (i.e. the amount of 
surfactant per unit area of surface). When 
the surfactant is enriched at the surface, 
F increases with the concentration of the 
surfactant, c, and with the tendency of 
the solute to decrease the surface tension, 
— dy/dc. 

As for correlations between surface 
activity and the chemical structures of 
surfactants, a large body of literature has 
appeared. Although most of the studies are 
semiquantitative at best, they can provide 
good guidance for choice and development 
of the best surfactant for a given situation. 
The reader will find discussions about 
such structure-property relationships in 
a relevant textbook [9]. 

Gibbs and Insoluble Monolayers The ad- 
sorption of surfactant molecules at the 
surface of a liquid can be so strong that 
a monomolecular film (Gibbs monolayer) 
of unidirectionally ordered surfactants is 
formed (Fig. 5). Since the decrease in 
surface tension is directly related to the 
surface excess adsorption of the surfac- 
tant by the Gibbs adsorption equation 
(Eq. 6), the formation of the Gibbs mono- 
layer can be monitored by decrease of the 
surface tension. The maximum number 
of molecules filling a given area depends 
upon the area occupied by each molecule. 


The cross-sectional area of the hydropho- 
bic chain or of the hydrophilic head 
group, whichever is greater, determines 
the molecular occupied area. Since the ad- 
sorbing species forming the Gibbs mono- 
layer has a sufficiently large solubility in 
the solvent, when the area of the saturated 
surface is more expanded, the surface- 
active molecules dissolved in the solution 
will fill in the created area. 

In contrast, there are practically insolu- 
ble amphiphiles, for example, a fatty acid 
molecule that consists of a hydrophilic part 
(carboxyl group) and a hydrophobic part 
(a long hydrocarbon chain), which pre- 
vents the molecule from dissolving in the 
aqueous phase. Such a molecule forms an 
insoluble monolayer on a water surface. 
Drops of the solution of the fatty acid in 
a volatile organic solvent are placed on 
an aqueous surface and after evaporation 
of the solvent a fatty acid’s monolayer re- 
mains. This process is called spreading. The 
adsorbed molecules forming the insoluble 
monolayer are essentially isolated on the 
surface; therefore, the surface excess T is 
equal to the added amount of material 
divided by the surface area. 

Surface Pressure In a traditional way, 
a film balance composed of a shallow 
rectangular container (called trough) and 
a movable barrier has been used to study 



Solution 


Fig. 5 Formation of a Gibbs 
monolayer. 
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floating monolayers. A liquid phase (called will be formed on this side, while the 
subphase) is added in the trough until aqueous surface of the opposite side will 
a meniscus appears above the rim and be kept clean even after any practical 
the area of the surface is controlled with period of time. In this case, the surface 
the movable barrier that rests across the tension of the side to which the amphiphile 
edge of the trough. There are numerous is added has been lowered, while the 
modifications of the early film balances as other side remains that of the pure water 
reviewed in Gaines’ book [2]. The design (y 0 ). 

of the conventional type of a Langmuir or If the barrier could move freely, it would 
a Langmuir- Blodgett trough system (vide drift in the direction of the side with higher 
infra) is based on the composition of the surface tension. Under the beginning 
traditional film balance. condition of the film balance and the 

A schematic comparison of the two situation in case (a), the barrier is balanced 
situations of the film balance is illustrated by the same surface tensions on both the 
in Fig. 6. The trough is filled with pure sides, whereas in case (b), the barrier 
water and the left and right side of the moves in the direction to decrease the 
surface is separated. At the beginning, clean water surface. The barrier movement 
the surface of the subphase is completely looks as if a lateral pressure due to the 
clean and the surface tension of each side fdm i s acting on the barrier. From the 
is that of pure water (yo)- In case (a), a viewpoint of this, the surface pressure j, r 
soluble surfactant is placed on one side is defined as the difference between the 
of the trough. A Gibbs monolayer will sur f ace tension of the clean subphase y 0 
be immediately formed by adsorption of and the surface ten sion of the subphase 
the surfactant molecules to the surface covered by amphiphiles y : 
on this side, while the residual molecules 

will be dissolved in the subphase. The n = yo — y (7) 

surfactant molecule in the aqueous phase 

can diffuse to the opposite side of the The surface pressure can be determined 
barrier; therefore, after the system reaches by direct measurement of the force acting 
equilibrium, the formation of the saturated on the barrier in the differential way. 
film accompanying the same decrease of However, in the usual Langmuir- Blodgett 
the surface tension will be achieved on trough systems, the surface pressure 
both the sides. is mostly measured with the Wilhelmy 

On the other hand, in case (b), an plate by monitoring the change in the 
insoluble amphiphile is spread on one surface tension from that of pure water 
side of the trough. An insoluble monolayer as mentioned above. 

fleft ^ fright — ft) 


(a) (b) 

Fig. 6 A comparison of (a) Gibbs and (b) insoluble monolayers. 



Y\e\X Xright < Yo 
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Surface Pressure - area (ji — A) Isotherm 

Experimentally, one can spread a known 
amount of material (too small to sat- 
urate the starting area) on a subphase 
in a trough at constant temperature and 
move a barrier to compress an insolu- 
ble monolayer formed on the surface by 
slowly decreasing the available area. When 
the surface excess T increases by com- 
pression of the film, the lowering of the 
surface tension is expected from the Gibbs 
equation (Eq. 6). A pressure-area (t r — A) 
isotherm measured by the above proce- 
dures gives us very important information 
about physical nature of the film and 
molecular characteristics of the adsorbed 
materials. 

As for Gibbs monolayers, the compres- 
sion of the film cannot be performed by 
using a Langmuir trough because am- 
phiphiles would diffuse via the subphase 
to both sides of the barrier. The Gibbs 
monolayers can be compressed by using 
the PLAWM (named by the combination 
of the first letter of Pockels, Langmuir, 
Adam, Wilson, and McBain) trough, which 


is a two-compartment type trough with a 
flexible membrane fixed to the movable 
barrier [10, 11]. 

Analogous to three-dimensional bulk 
materials, monolayer films exhibit char- 
acteristics that can be almost equated to 
the solid, liquid, and gaseous states of 
matter. As the monolayer is compressed 
on the water surface, phase transitions be- 
tween these analogous states should occur 
and the changes could be detected by 
the measurement of the tt — A isotherms. 
Figure 7 shows an example of the n — A 
isotherm. It shows the following phases: 

Gaseous (G): The molecules are relatively 
far apart and have significant surface 
mobility. The molecules act essentially 
independently and the surface pressure 
is almost zero (y ~ yo)- 

Liquid (L): When compressing a gaseous 
film, there can be a first-order phase 
transition to the liquid state. We can 
consider at least two types of liquid phase. 
A liquid-expanded (LE) phase appears first. 
In this phase, the molecules are touching 
each other but there is no lateral order. 



Fig. 7 Schematic n — A isotherm of a monolayer. 




After passing a plateau of the first-order 
phase transition, a liquid-condensed (LC) 
phase is reached. Here, the amphiphiles 
exhibit a tilted phase with a decreasing tilt 
angle. The film is relatively stiff but still 
more compressible. 

Solid (S): The films are rigid and densely 
packed with high surface viscosity. The 
molecules are oriented almost perpendic- 
ular to the surface. The n — A isotherms 
are linear and its extrapolation to zero sur- 
face pressure gives an area per molecule 
that corresponds to the molecular cross- 
sectional area. 

1 .4.1 .3 Preparation Methods for LB Films 

Molecules and Subphase We confine 
our discussion here to the most popular 
supporting liquid for monolayer studies, 
that is, water. The quality of water is 
of prime importance to the LB studies. 
Many researchers choose an ultrapure 
water system, which includes mixed anion 
and cation exchange resins, a reverse 
osmosis unit, ultraviolet sterilizer, and 
photooxidation unit, supplying water of 
high specific resistance (1.8 x 10 s Qm) 
and total organic contamination (TOC) in 
the ppb (parts per 10 9 ) level. 

A classical example of an amphiphile, 
which can form an insoluble monolayer 
on a water subphase, is stearic acid, 
where the long hydrocarbon tail group 
(CH 3 (CH 2 )i 6 — ) is hydrophobic, and the 
carboxylic acid head group (— COOH) 
is hydrophilic. The ionization of the 
carboxylic group will be suppressed at 
low pH. At pH 4, stearic acid behaves 
like a neutral molecule. At higher pH, 
the carboxylic group dissociates to form 
carboxylate ion (—COO - ). The presence of 
doubly charged cations (e.g. Ca 2+ , Ba 2+ , 
and Cd 2+ ), acting as counterions, can 
stabilize the monolayer of the anionic 
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amphiphile, and then, facilitate monolayer 
transfer on solid surfaces. The effect of 
the ion binding to reduce the extent of 
electrostatic repulsion between charged 
head groups allows for close packing of 
the monolayer. In order to secure the 
reproducibility of the jz — A isotherms, 
it is crucial to keep temperature, pH, 
and composition of the subphase at the 
constant conditions. 

The reader can find a discussion of the 
properties of monolayer films of a variety 
of amphiphiles in Gaines’ book [2], Today, 
many scientists use organic synthesis 
to construct amphiphiles for different 
purposes. Such molecular engineering is 
very important, especially in the design of 
amphiphiles with functional groups such 
as chromophores, donors, acceptors, and 
so on. For more details, see the relevant 
textbooks [5-7]. 

LB Deposition Although many differ- 
ent techniques for transferring a floating 
monolayer to a solid plate have appeared 
(e.g. “touching” [12] and “lifting” [13, 14] 
techniques), we will concentrate on the 
LB method, first introduced by Langmuir 
[15] and applied extensively by Blod- 
gett [1, 16]. This technique involves the 
vertical movement of a solid substrate 
through the monolayer/air interface. In 
the most commonly used method, the 
substrate (e.g. a glass slide) is first low- 
ered through the monolayer so that it 
dips into the subphase and then with- 
drawn under a constant surface pressure. 

The value of surface pressure that gives 
the best results depends on the na- 
ture of the monolayer, and is established 
empirically. 

If the slide is used as a hydrophilic 
surface, deposition follows the sequence 
of events described in Fig. 8. The water 
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wets the slide’s surface and the meniscus 
turns up; there is no mechanism for 
deposition at the first dipping. The first 
monolayer is transferred as the slide is 
raised through the water. The substrate 
may, therefore, be placed in the subphase 
before the monolayer is spread. As the slide 
is withdrawn, the meniscus is wiped over 
the slide’s surface and it leaves behind 
a monolayer in which the hydrophilic 
groups are turned toward the hydrophilic 
surface of the slide. To avoid disordering 
of the film structure on the withdrawing 
process, the deposition speed must be 
limited by the rate at which the ascending 
substrate sheds water. The bonding of 
the monolayer to the slide will only be 


Fig. 8 Y-type Langmuir- Blodgett film 
deposition. 


complete after the intervening layer of 
water has drained away or evaporated. It is 
important not to raise the substrate faster 
than the rate at which water drains from 
the solid. This drainage is not due to gravity 
but is a result of the adhesion between 
the monolayer being transferred and the 
material on the substrate, which acts along 
the line of contact and so drives out the 
water film. The second dipping into the 
subphase differs from the first in that the 
slide is now hydrophobic; the meniscus 
turns down and a second monolayer is 
deposited with its tail groups in contact 
with the exposed tail groups on the slide. 
In contrast to the withdrawing process, 
the dipping substrate can be moved quite 
rapidly without affecting the monolayer 
transfer. The second withdrawal exactly 
resembles the first except that the new 
monolayer is now being deposited onto the 
hydrophilic head groups of the monolayer 
already present. This type of deposition, 
in which layers are laid down each 
time the substrate moves across the 
phase boundary, with a head-to-head and 
tail-to-tail configuration is referred to as 
Y-type deposition. 

Although this is the most frequently 
encountered situation, it is also possible 
for monolayer deposition to occur only 
when the substrate enters the subphase, 
depending on the nature of the monolayer, 
substrate, subphase, and the surface pres- 
sure. These deposition modes are called 
X-type (monolayer transfer on the down- 
stroke only) and Z-type (transfer on the 
upstroke only). The ideal structures re- 
sulted from the deposition modes are 
illustrated in Fig. 9. 

The deposition ratio, r (also called the 
transfer ratio), is often used as a measure of 
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Fig. 9 The multilayer 
structures formed by (a) X-type 
deposition and (b) Z-type 
deposition. 

(a) X-type (b) Z-type 

the quality ofdeposition.lt is defined as the Equipment for LB Deposition By now, 

ratio of the decrease in the area occupied many kinds of the LB deposition protocols 
by the monolayer (held at constant surface have been achieved by developing a vari- 
pressure) on the water surface, Ag, to the ety of Langmuir-Blodgett troughs. Many 
coated area of the substrate, As, that is, types of trough systems are produced by 
^ employing the basic design of the tradi- 

r = — (8) tional film balance, as mentioned in the 

earlier section. 

The area removed from the water surface The most conventional type of trough is 
is easily measured by the mechanism used like that shown in Fig. 10. As shown in the 
to maintain a constant surface pressure, figure, the trough with the single movable 
and there is then a direct electrical readout barrier can compress a monolayer on the 
of surface area. Under most circumstances left side of the barrier. The “well” at the left 
a transfer ratio of unity is taken as a cri- end of the trough offers the depth allowing 
terion for good deposition, and one would for the up and down stroke of relatively 
then expect the orientation of molecules large substrates on the LB depositions, 
on the slide to be very similar to their ori- As shown in the former section, the 
entation on the water. Occasionally, there successive deposition of a monolayer can 
is a large but consistent deviation from a be easily achieved with this trough, 
value of unity; this points to a situation in If one intends to construct alternate- 
which the molecular orientation is chang- layered structures of two different types 
ing during transfer. Variable transfer ratios of molecules by using the conventional 
are almost always a sign of unsatisfactory trough, the two different materials would 
film deposition. If asymmetric substrates have to be alternately spread onto and re- 
are used (e.g. a glass slide metalized on moved from the subphase surface [17]. 
just one surface), then some care must be Such procedures are very time consuming 
exercised in interpreting the measured de- and wasteful. To achieve the deposition 
position ratio; it is unlikely that r will be of such alternate-layered structures more 
identical for different surfaces. conveniently, some kinds of troughs for 




Fig. 10 Cross-sectional view of a Langmuir-Blodgett trough. 
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alternate deposition have been designed 
[18-20]. The trough with the double mov- 
able barriers shown in Fig. 11 is one of 
the alternate types. The two fixed barriers 
placed on the center part of the trough 
separate the water surface into three com- 
partments (A, B, and C). Two different 
monolayers can be formed in the two com- 
partments (A and B) between the movable 
and fixed barriers on each side. Another 
compartment C sandwiched by the two 
fixed barriers at the center of the trough 
is usually a clean water surface. The lifter 
clutching the substrate consists of an up- 
per arm and a lower arm. These arms 
can move up and down independently and 


rotate. The underarm can transport a sub- 
strate dipped thoroughly into the subphase 
to any compartment without taking it out 
from the water. 

In addition to the above-mentioned 
troughs of the single- and the triple- 
compartment type, the multicompart- 
ment type trough will be briefly taken 
up here. The multicompartment circular 
trough with two independent drive barriers 
(Fig. 12) was described by Fromherz [21]. 
The compartments (eight in Fromherz’s 
design) are separated by walls, which are 
slightly lower than the edges of the trough. 
A Wilhelmy plate is suspended from the 



Fig. n Cross-sectional view of an alternate type Langmuir-Blodgett trough. 


Wilhelmy plate Movable arms 



Barriers 


Fig. 12 Fromherz 
multicompartment circular 
trough. 



Fig. 13 Monolayer manipulation using 
the multicompartment trough. 


upper part of one of the movable arms; 
therefore, the surface pressure is mea- 
surable at any compartment. The film 
transfer onto a substrate has to be car- 
ried out only on a compartment in which 
a well for the LB deposition is provided. 
When the film compression would be per- 
formed, the barrier held by the arm with 
the Wilhelmy plate must be fixed and the 
other barrier would be moved to decrease 
the available area. After the compression, 
the monolayer formed between the two 
barriers can be transported to other com- 
partments with different subphases by the 
synchronized motion of the two barriers 
(Fig. 13). Such monolayer manipulation 
by the multicompartment trough may be 
applied, for example, for studies on the 
adsorption between a back surface of a 
floating monolayer and a soluble mate- 
rial in a subphase [22, 23], or in chemical 
reactions. 

1 .4.1 .4 LB Assemblies Designed for 
Photoelectric Devices 

Energy Transfer in Monolayer Organization 

The Langmuir trough technique enables 
us to construct simple artificial membrane 
systems consisting of cooperative molecu- 
lar components. Much of the pioneering 
work in this field has been carried out by 
Kuhn and his colleagues. They organized 
a large variety of monolayer assemblies 
to investigate intermolecular interactions, 
and photophysical and photochemical pro- 
cesses [24-26]. 

As good examples of their research, 
the investigations of the energy transfer 
from a sensitizing molecule to an acceptor 
molecule within the complex monolayer 
organization will be given here. A system 



harvesting light energy and channeling the 
energy should be of interest as a compo- 
nent in any proposed photoelectrical device 
for solar energy conversion. 

In a monolayer of dye I (Fig. 14, host) 
with traces of dye II (Fig. 14, guest) the host 
is harvesting light energy and the guest, 
which absorbs at longer wavelength, is 
trapping the energy. The energy migration 
in the layer of the host depends strongly 
on the interaction of the molecules. As 
proposed by Kuhn et al. J aggregates in 
monolayers prepared by spreading the 
dyes and the long chain hydrocarbon oc- 
tadecane in a 1:1 mixture can be regarded 
as two-dimensional crystals with a brick- 
stone arrangement of the chromophores 
[5, 27]. In these films, octadecane acts 
as a spacer and contributes to the ar- 
rangement of the aliphatic region. It can 
be demonstrated by a quantum mechan- 
ical calculation that the exciton hopping 
time in this very compact arrangement of 
chromophores is At = 10 -13 s. Since the 
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Case (a) 


Case (b) 


Fig. 14 Monolayer assemblies for energy channeling system consisting of dye I and dye II as 
light harvesting and trapping molecules, respectively. 


fluorescence time of the single molecule is 
10 4 times longer than At, an unusual long 
exciton diffusion path can be expected. 
If an exciton trap is exactly interlocking 
in this structure, the coupling should be 
sufficiently strong to get a trapping of 
the energy absorbed by the host even if 
there is one molecule of the guest among 
10 4 molecules of the host. This condi- 
tion should be fulfilled in the present case 
where dye II differs from I only by two 
sulfur atoms instead of two oxygen atoms. 
The molecule can substitute a molecule of 
the host in the lattice. 

They fabricated two LB assemblies as 
shown in Fig. 14. In the film of case 

(a) , the guest molecule is incorporated in 
the lattice of the host, whereas in case 

(b) , it exists in the fatty acid monolayer 
deposited on a layer of the host. The 
monolayer assemblies are fabricated on 
a glass plate and illuminated with UV 
light, which can excite the host only. A 
plate where the guest is absent shows 
the violet fluorescence of the host. On 
the other hand, the host’s fluorescence 
is quenched but the blue fluorescence of 


the guest is observed with a plate where 
the guest is present. The fluorescence 
change is due to light harvesting via energy 
transfer from the excited host to the guest. 
The changes of the relative fluorescence 
intensity of the host are plotted in Fig. 15. 
In case (a), a considerable quenching of 
the fluorescence of I and a sensitized 
fluorescence II was seen even if only 
one among 50 000 molecules of I is 
exchanged by a molecule of II (Fig. 14). 
It should be noted that this artificial 
device for channeling energy is far more 
efficient than the device used in plant 
photosynthesis where there is one energy 
trap among 300 chlorophyll molecules for 
harvesting energy. 

If / and /o are the intensity of the fluo- 
rescence of the host in the presence and in 
the absence of the guest, respectively, we 
can write 


r d + r e n 

where rj is the rate of deactivation by 
fluorescence and thermal collisions and 
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Fig. 15 A plot of I/I o (relative fluorescence intensity of dye I) against N 
(number of molecules of dye I per molecule of dye II) for case (a) (circles) and 
(b) (squares). 


Fig. 16 Assembly of monolayers of 
donor (dye II) and electron acceptor III. 


c 



18 H 37 


r en is the rate of energy transfer. Since r en 
is proportional to the surface density of the 
guest (inversely proportional to N, where 
N is the number of molecules of host per Case 1 
molecule of guest) then 




Using the values const. = 10 4 and 
const. = 300 for cases (a) and (b) respec- 
tively, we obtain the full and broken Case 3 
curves in Fig. 15. This example shows the 

importance of a well-defined architecture 
r . , , . Donor Acceptor 

ot the monolayer assembly. 



Layer-by-layer Assemblies of Electron Accep- 
tor and Dye Molecules With appropriate 
components and film structures, quench- 
ing of fluorescence due to electron transfer 
from an excited dye to an electron acceptor 
can also be observed in monolayer assem- 
blies. For this purpose, Kuhn designed LB 


assemblies in which dye II in monomeric 
form and the electron acceptor molecule 
III (viologen) are incorporated separately 
in two monolayers (Fig. 16). In case (1), 
the dye and electron acceptor are in direct 
contact. In case (2), they are separated by 
inserting a fatty acid spacer-layer between 
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dye and acceptor layers. In case (3), dye 
chromophore and acceptor are separated 
by the hydrocarbon substituents of both 
layers. In each dye layer, dye II is diluted 
by fatty acid (not shown symbolically). In 
cases (1) and (3), the heterogeneous LB 
films are formed by Y-type depositions; 
therefore, these monolayer assemblies are 
easily fabricated with a conventional LB 
trough (Fig. 10) by spreading and remov- 
ing the different films on a water surface 
repeatedly in the course of the film de- 
positions. If an LB trough of an alternate 
type (Fig. 11) is available, the heteroge- 
neous depositions can be achieved more 
conveniently. On the other hand, the film 
of case (2) includes also a Z-type structure. 
To realize case (2), the substrate is covered 
by the dye and then by a fatty acid layer of 
desired length in the usual manner (Y-type 
deposition). Now the layer is dipped in wa- 
ter without a surface layer, the water is then 
covered by an acceptor layer, and the plate 
is taken out. This is a somewhat tricky step 
since rearrangements must be avoided. 
The substrate is taken out by slowly lifting 
the sample in a horizontal position. The 
hydrophilic side of the film must be mod- 
erately hydrophilic and well adjusted in its 
composition to make the intended contact. 

The fluorescence of each sample was 
compared with that of the reference 
sample where the acceptor is absent. 
This fluorescence is totally quenched in 
case (1), half quenched in case (2) if the 
Ci6 fatty acid is used as the spacer- 
layer, and totally unquenched in case 
(3) [28]. 

The dependence of the fluorescence 
intensity / in case (2) on the thickness 
of the spacer layer was also investigated. 
On the basis of a similar relation as 
Eq. (9), the ratio (Io — /)/ 7, where Io is the 
fluorescence intensity without acceptor, 
measures the rate of the electron transfer. 


This ratio is given by the ratio of the 
rate of electron transfer (k et ) and rate 
of deactivation of the excited dye in the 
absence of the electron acceptor (kf). 
For nonadiabatic electron transfer, k e t 
is described by the following equations 
[29]: 

ke t = k(r ) exp ( RT J C 11 ) 

k(r ) = ko exp {—f(r — r 0 )} (12) 

where k(r) is the preexponential factor of 
the rate constant; r is the distance between 
electron donor and acceptor; AG* is the 
free-energy barrier of reaction; ro is the 
value of distance r at which k(r) equals 
some preassigned value of ko, that is, 
1 x 10 13 s _1 ; and ft is the parameter of 
the distance dependence of the rate. If 
the electron transfer is purely tunneling, 
the rate of electron transfer should be 
practically independent of temperature 
and decrease exponentially with increasing 
r corresponding to the thickness of the 
spacer layer, d. Therefore, the logarithm of 
(Io — /) // plotted against d should form 
a straight line. Figure 17 shows that this 
is in fact the case for spacer layers with 
14-22 C atoms [24]. 

In the case of pyrene as the dye and 
again viologen as the electron acceptor, the 
linear relation of log { (7o — /) // } against 
d could also be demonstrated by Mobius 
[28]. In this case, the standard technique 
of producing monolayer assemblies could 
be applied since the pyrene was bound 
to the methyl group at the end of 
a fatty acid chain while the cationic 
viologen III is at the hydrophilic head 
of the molecule. It is therefore easy in 
this case to separate chromophore and 
electron acceptor by a single monolayer 
of hydrocarbon chains. 
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Fig. 1 7 Quenching of fluorescence of dye II (D) by electron acceptor III 
(A) in the arrangement of Fig. 1 6, case (b). Log{(/o//) — 1 ) is plotted 
against the spacer layer thickness d for fatty acids with 14-22 C atoms. 


Acceptor/Sensitizer/Donor Multilayer 
Systems A variety of electronic compo- 
nents with molecular dimensions have 
been investigated since the introduction 
of the foresighted concept of molecular 
diode by Aviram and Ratner [30]. For ex- 
ample, Mezger and Panetta [31] have made 
an effort to realize the molecular diode 
proposed by them. 

Fujihira et al. fabricated the accep- 
tor/sensitizer/donor (A/S/D) type LB mul- 
tilayer system as a molecular photodiode 
based on Kuhn’s idea of the light-driven 
electron pump [32] on a gold optically 
transparent electrode (AuOTE) [33]. The 
structure and function of the molecu- 
lar photodiode of A/ S/D are shown in 
Fig. 18(a), where hydrophilic parts and hy- 
drophobic units are indicated by circles 
and squares, respectively. Three functional 
compounds tend to orient regularly in the 
heterogeneous LB films due to their am- 
phiphilic properties. 


Kuhn [24, 26, 34], Mobius [28, 35], and 
others [36, 37] have studied the distance 
dependence of the rate of photoinduced 
electron transfer in LB films. Their ob- 
served dependence agrees in a qualitative 
sense with the other experimental [38-48] 
and theoretical [29] results described by 
Eq. (11) and Eq. (12). As they did, the 
distances between the three functional 
moieties, that is, A, S, and D, within LB 
monolayers can be closely controlled at 
known values. 

In addition to the distance dependence, 
the effect of the standard free energy 
difference A G° for the electron transfer, 
that is, the difference between the energy 
levels of the excited (or ground state) donor 
and the ground state (or excited) acceptor 
[29, 49, 50], is another important factor in 
determining the rate of electron transfer. 
Relationship (13) was first introduced by 
Marcus where the free-energy barrier for 
the reaction, that is, AG* in Eq. (11), is 
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Fig. 18 Molecular photodiode with heterogeneous A/S/D LB film on an electrode: (a) structure, 
(b) energy diagram, and (c) structural formulae of A, S, and D amphiphiles. 


given [29] in terms of the reorganization 
energy X: 


AG* 


X 

4 




(13) 


The changes in bond lengths of the 
reactants and the changes in solvent orien- 
tation coordinates in the electron transfer 
are related [29] to X. In Marcus’s original 
theory, the motion of the nuclei was 
treated classically. There have been sev- 
eral attempts [29, 50] to treat the nuclear 
coordinates quantum mechanically and to 
modify the equation for the energy gap 
AG°. In connection with the design of the 
proper energy diagram for the molecular 
photodiode, the inverted region, where the 
rate decreases with an increase in large ex- 
cess of — AG°, predicted by Eq. (13) is most 
important. The presence of the inverted 
region has been confirmed experimentally 
by the use of internal electron transfer 


systems with rigid spacers and the electron 
transfer in solutions [51-60]. 

Therefore, to design a better molec- 
ular photodiode the distance and A G° 
dependence should be kept in mind. 
In Fig. 18(b), the energy diagram of the 
A/S/D molecular photodiode is depicted 
as a function of distance across the LB 
film. If the forward processes indicated 
by arrows with solid lines are accelerated, 
and the backward processes with dashed 
lines are retarded by setting the distances 
and the energy levels appropriately, the 
photoinduced vectorial flow of electrons 
can be achieved, that is, the acceleration 
by setting A G° equal to X is assumed for 
the forward electron transfer processes (ii) 
and (iii), while the retardation, as a conse- 
quence of the inverted region, is assumed 
for the back-electron transfer processes (iv) 
and (v). Once an electron-hole pair is sepa- 
rated successfully, the recombination of 



Fig. 19 A cell for photoelectrochemical 
measurements: (1) an LB modified 
AuOTE; (2) a Au wire counterelectrode; 

(3) a saturated calomel electrode (SCE) 
with a salt bridge; (4) a cell container. 

the pair across the large separation by 
LB film (process (vi)) is hindered by the 
distance dependence. 

The three kinds of functional am- 
phiphilic derivatives used for the first 
A/S/D-type molecular photodiode [33] are 
shown in Fig. 18(c) together with por- 
phyrin sensitizer S2 used later. By deposit- 
ing these three amphiphiles on AuOTE, as 
shown in Fig. 18(a), and by the use of the 
resulting electrode as a working electrode 
in a photoelectrochemical cell (Fig. 19) 
[38-41], the photoinitiated vectorial flow 
of electron is achieved and detected as 
photocurrents. The AuOTE is a metal elec- 
trode and hence does not by itself possess 
a rectifying ability as does a semiconductor 
electrode [38-41]. Yet, in spite of the in- 
ability of the substrate electrode to rectify, 
the photocurrent in opposing directions 
depending on the spatial arrangement of 
A/S/D or D/S/A is detected [61]. The di- 
rection is in accordance with the energy 
profile across LB films in Fig. 18(b). 

Much higher photocurrents can be 
observed [33, 61] for stacks of multilayers 
of each component, for example, in 
the form of A,A,A/S,S,S,S/D,D,D and 
D,D,D/S,S,S,S/A,A,A. The directions of 
the photocurrents also agree with those 
expected for the multilayered systems. 

In such heterogeneous LB films, the 
long alkyl chains are intervened between 
the A and S and between the S and 
D moieties. As a result, parts of the 
excited sensitizers were deactivated by 
the emission of photons (Fig. 18b, vii) 
without quenching by electron transfer. To 
cope with this problem, Kakimoto, Imai, 
and their coworkers used polyimide LB 
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films consisting of A, S, and D units 
(Fig. 20) for constructing more efficient 
molecular photodiodes [62, 63]. They have 
reported the preparation and properties 
of polyimide LB films [64-66]. Since 
polyimide LB films have no long alkyl 
spacer between the layers (monolayer 
thickness, 0.4-0. 6 nm), electrons should 
be more readily transferred. For example, 
the photoelectrical conversion efficiencies 
of AuOTEs coated with 6 layers of 
aromatic polyimide itself as A, 2 layers 
of a porphyrin derivative with aliphatic 
polyimide as S, and 6 layers of a ferrocene 
derivative with aliphatic polyimide as D is 
enhanced about 10 times larger than those 
for photodiodes with conventional LB 
films [62], Later, the hole-carrier property 
of the D layer was further improved by the 
use of triphenylamine in place of ferrocene 
as the D moiety [63]. 

LB Assemblies of Synthetic Molecular 
Photodiodes Another approach to short- 
ening the distances between the functional 
moieties is the use of synthetic molecular 
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Fig. 20 Structural formulae of D, S, and A components of polyimide heterogeneous LB film 
molecular photodiode. 


photodiodes, where chromophores and re- 
dox moieties are linked covalently. Such 
intramolecular charge separation systems 
are also studied as model compounds for 
a natural photosynthetic reaction center 
(RC), in particular, since the structural 
determination of bacteria’s photosynthetic 
reaction center to atomic resolution using 
X-ray crystal analysis by Deisenhofer et al. 
[67-69] 

In biosystems, the molecules organize 
themselves into complex functional en- 
tities with cooperating components of 
molecular dimensions. Higher plants use 
two different reaction centers, called pho- 
tosystems I and II (PSI and PSII), whereas 
bacteria make do with a single reaction 
center. All reaction centers in plants and 
bacteria are complexes containing protein 
subunits and donor- acceptor molecules. 
Following light activation of antenna pig- 
ments, photon energies are harvested and 
funneled to the special pair acting as the 


initial donor in a series of short range, 
fast, and efficient electron transfer steps. 
The multistep electron transfer reaction 
through the array of the redox species 
with appropriate energetics and spatial co- 
ordination arranged by transmembranal 
span of the complexes in the plant or 
bacterial cell culminates in a long-lived 
charge-separated state. The well-organized 
and asymmetric molecular arrangement 
across the membrane plays an important 
role in charge separation in photosynthe- 
sis. For design of artificial photosynthetic 
molecular devices, it is of great interest to 
mimic the elaborate molecular machinery. 

So far, a variety of synthetic polychro- 
mophoric model systems, that is, triads, 
tetrads, pentads, and so on, have been 
studied in connection with photosynthesis 
and reported by several groups [70-88]. 
The electron-transport components, por- 
phyrins, quinones, aromatic imides, and 
fullerenes are commonly employed by 



7.4 Langmuir-Blodgett (LB) Films on Electrodes 


189 




many of the reaction center models. The 
primary event of photosynthetic solar en- 
ergy conversion including absorption of 
visible light, singlet energy transfer be- 
tween pigments, and photoinduced elec- 
tron transfer from excited singlet states to 
give long-lived charge-separated states in 
high yield have been realized with some of 
these artificial systems. However, mimicry 
of the farther aspects of photosynthesis in- 
cluding chemical processes driven by the 
chemical potential in the form of the long- 
lived charge separation is still difficult and 
has only been reported in a few works 
[89, 90], 

A-S-D Triad Monolayer Systems Since 
1985 [33], Fujihira’s group has been 
studying amphiphilic triad molecules that 
can spread and form monolayers on 
water surfaces. The early amphiphilic 
triads [33, 91] are shown in Fig. 21. In 
these amphiphilic triads, three functional 
moieties, a dicationic electron acceptor 
(A, viologen (V 2+ )), a neutral sensitizer 


(S, pyrene (Py)), and a neutral electron 
donor (D, ferrocene (Fc)), were combined 
in the order of S— A— D (Py-V 2+ -Fc), in 
which the active components were linked 
by sigma-bonded tunneling bridges. At 
an air-water interface, the triad forms 
stable mixed monolayer with arachidic 
acid, in which the dicationic hydrophilic 
A moiety of the triad is oriented toward 
water and two hydrophobic alkyl chains 
terminated by S and D subunits extend 
into the air. In such monolayers, the 
spatial arrangement of the three moieties 
in the order of acceptor- sensitizer- donor 
was expected (Fig. 22a) under high surface 
pressure, owing to the difference in the 
length of the two alkyl chains (C6 and 
Cn or Ci6) linking A to S and D, 
respectively. Because of the folded form 
of the oriented molecules on a water 
surface, the S-A-D triads were called the 
folded-type triad. In this highly ordered 
folded-type S-A-D triad, two steps of 
intramolecular electron transfer would 
be initiated through light absorption of 
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(a) (b) (c) 

Fig. 22 Schematic representation of (a) oriented folded-type S— A— D triad and 
(c) oriented linear-type A-S-D triad, and (b) corresponding energy diagram. 


the sensitizer moiety. If the oriented It was found in the early studies that the 
triad molecules were transferred onto a appropriate spatial arrangements for the 
AuOTE as they are on the air-water charge separation of the folded-type triads 
interface using the LB technique, the were attained only under high surface 
photodiode function of this molecular pressures [91]. In order to achieve the 
device would be expected from the energy spatial arrangement of the A, S, and D 
diagram shown in Fig. 22(b). And then moieties more readily and completely, 
electron transfer from the resultant long- linear-type A-S-D triad molecules I— V 
lived charge-separated state, Py-V" -Fc', (Fig. 23) [71, 92-94] were synthesized, 
to the AuOTE under controlled potential In these triads, the three moieties are 
may occur. Such photoelectric conversion combined linearly in the order of A, 
devices are readily fabricated, and the S, and D; therefore, asymmetric spatial 
photodiode function played by the highly arrangements of them in monomolecular 
oriented triad molecules of the folded type layers should be in the same order 
is successfully observed. (Fig. 22c). The mixed monolayers of the 



Fig. 23 Structural formulae of linear-type triads. 






linear-type triads with behenic acid exhibit 
much higher photocurrents than those of 
the folded- type triads. This indicates that 
more ideal spatial arrangements of the 
A, S, and D moieties are attained in the 
linear triad molecules ordered in the mixed 
monolayers. A favorable orientation for the 
photoelectric conversion of the linear-type 
triad was also accomplished at a relatively 
low surface pressure of 15 mN m _1 in 
contrast with the inactive orientation of 
the folded-type triad molecule deposited at 
the same surface pressure. 

To confirm that the triad absolutely acts 
as a molecular photodiode in the mono- 
layer, the photocurrent of the AuOTE 
modified with the triad monolayer with 
opposite directional orientation (Fig. 24) 
should be examined. For the purpose of 
the study, a new type of photoelectrochem- 
ical cell (Fig. 24 c) equipping such an LB 
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modified AuOTE are developed [94]. The 
fabrication of the new type of photoelectro- 
chemical cell is performed by the following 
procedures. A Au mirror electrode is first 
treated with a thiol compound with a short 
alkyl chain (C 3 ). By this treatment, a hy- 
drophilic Au surface was changed to a 
hydrophobic thiol-modified surface. The 
cell container is first put into the Lang- 
muir trough. An aqueous subphase is 
poured into the trough, and then the triad 
monolayer is formed on the aqueous sur- 
face. The hydrophobic Au electrode set 
just above the cell container is dipped into 
water. At the end of film deposition, the 
electrode is released to fall inside the cell. 

The cell container is then taken out of the 
trough together with the subphase solu- 
tion and the Au electrode in it. More of 
the supporting electrolyte is added, and a 
counter (Au wire) and reference (saturated 



Fig. 24 Schematic representations of: (a) molecular orientation of A-S-D triad on a Au 
electrode, (b) the corresponding energy diagram, (c) the new type of 
photoelectrochemical cell, (d) the deposition of a triad monolayer on a hydrophobic 
surface of a Au electrode by the LB method. 
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calomel electrode, SCE) electrodes are set 
into it. With this new type of cell, cathodic 
photocurrent consistent with the energy di- 
agram for the opposite direction can be ob- 
served. The controllability of the direction 
of the photocurrent clearly indicates that 
the oriented triad rectifies the photocur- 
rent and acts as a molecular photodiode. 

Alternate Multilayered Systems for Scanning 
Maxwell Stress Microscopy As already 
described, the LB technique is suitable for 
making highly oriented molecular assem- 
blies. But detailed structures of LB films 
had not been clarified until these films 
were studied by scanning probe micro- 
scopies (SPMs) [95-101]. The SPMs, such 
as scanning tunneling microscopy (STM) 

[102] and atomic force microscopy (AFM) 

[103] , have been used to analyze surfaces 
of many levels, from molecular arrange- 
ments at interfaces to electronic structures 
in semiconductors [99]. These SPMs, how- 
ever, provided only limited information 


about the chemical nature of systems 
studied. 

For the studies of LB monolayer assem- 
blies, information about the orientation of 
amphiphilic molecules in the monolayers 
is important, as well as determination of 
the chemical functionalities. The Kelvin 
method [104] is a well-established tech- 
nique for determining the contact potential 
differences (CPDs) between reference elec- 
trode and a metal sample. The CPD for 
clean metal surfaces is given by the differ- 
ence in the work functions of the two ma- 
terials. The work functions can be changed 
by adsorption of molecules with different 
dipole moments. Therefore, the photoin- 
duced dipole change of the triad molecules 
unidirectionally oriented in LB monolayers 
on electrode surface can be easily detected 
as a change of CPD by Kelvin method. 
The Kelvin method of measuring the CPD 
makes use of the vibrating capacitor. 

A modified version of the AC scan- 
ning force microscope with a Kelvin probe 



Fig. 25 Schematic diagram of SIMM. 
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tip is called a Kelvin probe force micro- spacer and a diluent. By photoexcitation 
scope (KFM) [105, 106]. The method was of the S moiety, the electron and hole 
further simplified and named the scanning can be separated unidirectionally, but with 
Maxwell stress microscopy (SMM) (Fig. 25) opposite directions in the LB films as in 
[107-113]. With these methods, a lateral the same way as the primary process in 
image of the variation in CPD on the sur- photosynthesis [70, 96, 114]. The resulting 
face on a submicron scale can be observed, photoinduced changes in dipole moments 
For the SMM studies of LB films con- of the highly oriented triad molecules are 
taining unidirectionally oriented A-S-D detected as the surface potential changes of 
triads, the alternate LB multilayer systems gold electrodes covered with the LB films 
shown in Fig. 26 are constructed [95]. In by SMM under illumination as shown in 
the LB assemblies, linear-type A-S-D tri- Fig. 27. The change in surface potentials 
ads are arranged unidirectionally in two of the LB films of cases (a) and (b) with a 
ways with the D tail of the triad toward pulse illumination of the excited light of 
the air (a) or toward the substrate plate (b), 125 ms are shown in Fig. 28. The polarities 

respectively. For the fabrication of these of the surface potential changes are again 
LB assemblies, a fatty acid is used as a consistent with the molecular orientations. 



Fig. 26 Unidirectionally oriented A-S-D triad in LB assemblies. 
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Lateral hole diffusion 



Fig. 29 Schematic illustration of slow charge recombination 
via lateral diffusion of electrons and holes in the A and the D 
layer, respectively, in the A-S-D triad monolayer. Anion and 
cation radicals on the A and the D moieties were created by 
photoexcitation of the S moieties followed by charge 
separation. 


The exponential-like decays after shutting 
the illumination down reflect the decrease 
in the number of the separated charges 
by recombination. If the charge separation 
and recombination proceed only within the 
triads, that is, via intramolecular processes, 
it seems that the observed recombination 
rates are too slow in comparison with 
the intramolecular recombination rates for 
folded-type triads (ca. 25 ps) [115] and a 
linear-type triad (ca. 50 ns) [71, 116]. The 
much slower recombination can be in- 
terpreted as arising from further charge 
separation via a lateral diffusion mech- 
anism of photocreated anion and cation 
radicals [117-119], as illustrated in Fig. 29. 

A-S-D Triad Monolayer and Second Donor 
Bilayer Alternate Systems To increase the 
charge separation efficiency, the increase 
in the lifetime of the charge separation 
perpendicular to the film by adding a 
second door D’ or an acceptor A' to 
form A-S-D-D' or A'-A-S-D quadru- 
plet should be examined. In fact, in the 
reaction center of natural photosynthe- 
sis, A'-A-S-D structure is used for its 
efficient charge separation [68]. Because 
of laboriousness of quadruplet syntheses. 


the quadruplet structure by depositing a 
D' (16-ferrocenylhexadecanoicacid) mono- 
layer on a D end of an A-S-D monolayer 
is constructed [120]. The ionization poten- 
tial of the donor moiety in D' molecule is 
smaller than that of the D moiety of the 
A-S-D triad; therefore, the layer can act 
as a second donor layer with a sufficient 
driving free energy. 

Figures 30(a) and (b) show the sur- 
face potential changes of the LB assem- 
blies without and with a pure bilayer of 
D', respectively, under step illumination 
for 125 ms with a laser light and the 
schematic representations of the corre- 
sponding film structures. It is remarkable 
that the photoinduced surface potential 
change increased about 1 order of mag- 
nitude by addition of the D' layer. The 
drastic increase in the surface potential 
is attributable to the efficient lateral dif- 
fusion because of prolonged lifetime of 
the perpendicular charge separation by the 
A-S-D/D' quadruplet system. 

LB Assemblies for Simulations of Key As- 
pects in Natural Photosynthesis The 

development of an artificial photosynthe- 
sis system is one of the most fascinating 
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Fig. 30 Photoinduced surface potential change under step 
illumination by He— Cd laser (441.6 nm) for the LB assemblies 
(a) without and (b) with a pure D' bilayer. The A-S-D mixed 
monolayer consists of A-S-D (V) and 22-tricosenoic acid (1:5). 


challenges. As illustrated in Fig. 31, the 
monomolecular layer assembly including 
a triad and a synthetic antenna molecule 
is designed to mimic the two successive 
aspects of a primary process in natural pho- 
tosynthesis: antenna and reaction center 
[93]. For the light-harvesting (H) antenna 
pigments, an amphiphilic pyrene deriva- 
tive [121] is used. For the amphiphilic 
linear triad molecule, an acylated perylene 
moiety, as the S unit, and viologen and dia- 
cylated ferrocene moieties, as the A and the 
D units, respectively, are used. Because of 
the good overlap of the emission spectrum 
of the antenna pyrene moiety (Py) and 
the absorption spectrum of the sensitizer 
perylene moiety (Pe) of the triad (Fig. 32), 
light energies harvested by the antenna 


molecules are efficiently transferred to the 
sensitizer moiety of the triad. Thus, the 
excitation energy of the perylene moiety 
should be converted to electrical energies 
via multistep electron transfer across the 
monolayer as described above. Figure 33 
shows the photocurrent spectrum of the 
mixed monolayer of the triad and the an- 
tenna with a molar ratio of 1:4. Maxima 
of anodic photocurrents at ca. 350 and 
470 nm are found. These correspond to 
the adsorption maxima of pyrene and acy- 
lated perylene (solid curves in Fig. 32). The 
result indicates that charge separation in 
the triad molecules was initiated by light 
absorption both with perylene sensitizer it- 
self and with the pyrene antennas followed 
by the energy transfer. 
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Fig. 31 Schematic representation of the artificial photosynthetic 
reaction center by a monolayer assembly of antenna (H) and 
A-S-D triad molecules for light harvesting, energy migration 
and transfer, and charge separation via multistep electron 
transfer. 


To focus only on the energy transfer of H with an energy acceptor molecule is 
process from Py to Pe, the dependence of also examined [122]. The result indicates 
sensitized emission intensity on the ratio that the most efficient energy transfer 
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[nm] 

Fig. 32 UV and visible absorption (solid line) and 
fluorescence (dashed line) spectra of antenna H pyrene (Py) 
and monoacylated perylene (Pe) derivative in ethanol. 



Fig. 33 Photocurrent spectrum of the mixed monolayer of antenna 

H and triad V with a molar ratio of 4:1 (solid line). 


from Py* to Pe is attained with the molar 
ratio Py:Pe = 30 : 1. While in the mixed 
monolayers of the cyanine (dye I in Fig. 14) 
and the pyrene amphiphiles, a much more 
efficient light harvesting can be attained 
by the combination of the energy donor, 
dye I, and the energy acceptor, Pe [123]. 
The antenna effect of dye I in this system 


is such that ca. 250 molecules of cyanine 
can harvest light for excitation of one Pe. 

Next, a further advanced LB assem- 
bly as a biomimetic model system to 
seek to mimic the three successive as- 
pects of photosynthesis, antenna pigment, 
reaction center, and quinone pool, is exam- 
ined [124, 125]. In natural photosynthesis 





systems of higher plants, a lipid soluble 
and diffusible quinone called plastoquinone 
(PQ) acts as a mobile component of the 
electron transport between two different 
photosynthetic reaction centers, PSI and 
PS II. Not only the electron link but also an 
electron buffer in the form of a pool is a 
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unique function of PQ. The electrons from 
PS II can be accumulated within the plasto- 
quinone pool in the reduced form of plas- 
toquinone, that is, plastoquinol (PQTQ). 

The film structure and the expected 
photophysical processes are schematically 
illustrated in Fig. 34. After the light 



Fig. 34 Schematic illustration of the LB assembly for simulation of the 
primary process in natural photosynthetic reaction center. The photoelectric 
conversion with the LB assemblies is attained by the processes (i)-(iv). 


Fig. 35 Photoinduced surface potential 
change under step illumination at 
441.6 nm (solid curve) or 325 nm 
(dotted curve). The S moiety of the triad 
is directly excited by the 441 .6 nm 
irradiation, whereas at 325 nm, the 
excited state S* is induced via energy 
transfer from H*. 



[s] 
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harvesting (ii) and successive charge 
separations (iii) proceed similarly as in 
the former monolayer of A-S-D and 
H, hole diffusion (iv) via hole migration 
in the second donor layer and hole and 
electron accumulations in the D' and 
A plane are expected to occur in this 
system. 

On the basis of the energy transfer study 
of the Py— Pe system mentioned above, 
the mixed A-S-D monolayer with H with 
the molar mixing ratio 1:30 is added by 
a D' bilayer. Figure 35 shows the change 
in surface potential measured with the 
(A-S-D + H)/D' system under the step 
illumination of 441.6 nm (a solid curve) 
and 325 nm (a dotted curve) [124]. With 
the light illumination at 441.6 nm, the 
perylene sensitizer in A-S-D is directly 
excited and H contributes as a diluent 
similar to fatty acids, whereas excited 
perylene sensitizer is induced by energy 
transfer from excited pyrene of H to the 
perylene in the grand state under illumi- 
nation at 325 nm. Normally, the change 
in surface potential would not be de- 
tectable with such diluted A-S-D layer 
alone because prolonged intermolecular 
distances suppress lateral charge migra- 
tions. But the film added by D' bilayer, 
which acts as charge diffusion layer, gave 
large surface potential change at both 
wavelengths. The pyrene absorbance of 
the film at 325 nm is estimated to be ca. 
25 times larger than that of perylene at 
441.6 nm [95, 121]. The number of the 
photons of the incident light at 325 nm 
is ca. 1/35 against that at 441.6 nm of 
the He— Cd laser used. Considering the 
difference between the resulted signals at 
325 and 441.6 nm, it can be concluded 
that the light energy harvested by the 
antenna molecules is mostly funneled to 
the sensitizer moiety of the A-S-D triad 
molecule. 
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1.4. 2.1 Introduction 

In this chapter, the electrochemistry of 
Langmuir- Blodgett (LB) films of func- 
tionalized molecules including “molecular 
wire’’ compounds, phthalocyanines, artifi- 
cial lipids, proteins and fullerene deriva- 
tives, and carbon nanotubes (CNTs) is 
described. 

The use of electrodes modified with 
immobilized redox-active molecules pro- 
vides a simple methodology by which to 
study the ultrathin film electrochemistry 
of water-insoluble redox-active molecules, 
encouraging the application of such tech- 
niques to biomimetic membranes in 
aqueous media. It is of interest to use 
monolayer and LB films of enzymes, pro- 
teins, and antibodies as biosensors or 
biomolecular switches because of their 
high sensitivity for their substrates and 
antigens, respectively. The formation of 
thin fullerene films including fullerene- 
lipid hybrid and fullerene-lipid composite 
bilayer membranes is of interest both from 
a fundamental and practical application 
point of view. Multiwalled carbon nano- 
tubes (MWNTs) and single-walled carbon 
nanotubes (SWNTs) are novel nanoma- 
terials that have remarkable electronic, 
mechanical, and thermal properties, and 
specific functions. Soluble carbon nan- 
otubes in aqueous and organic systems 
are of interest since their study allows the 
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chemical and biochemical design of func- 
tional carbon nanotubes. We describe here 
how to make ultrathin films of nanotubes 
on substrates. 

1 .4.2.2 Electrochemistry of LB Films of 
“Molecular Wires” and Phthalocyanines 

It is known that LB techniques can be 
applied for the construction of thin film 
electronic devices and molecular recti- 
fiers [1-5]. Conjugated redox-active com- 
pounds are candidates for “molecular 
wires” and are expected to be a conve- 
nient tool for the construction of molecu- 
lar electronic devices. We have reported 
that LB films of tz -conjugated electro- 
chemically active quinolinium complexes 
transferred on to gold electrodes show 
rectified transmembrane electron trans- 
fer, through the LB monolayer, to hexa- 
cyanoferrate(II) ([Fe(CN)6] 4- ) in solution 
[6, 7]. Potential-step chronocoulometric re- 
sponses revealed that the LB monolayer 
acts as an organic ultramicroelectrode ar- 
ray. Metzger et al. constructed electrical 
rectification systems using LB monolayers 
of substituted quinolinium tricyanoquino- 
dimethanides (Fig. 1) on electrodes by 
scanning tunneling spectroscopy (STS) 

[1, 3]. The unimolecular electrical recti- 
fiers prepared by using LB techniques are 
useful for the construction of molecular 
electrode devices [1-5]. 

Ultrathin films of electrochromic 
molecules such as multireducible double- 
decker phthalocyanines are one important 
possible component of color display 
devices. The double-decker lutetium(III) 
phthalocyanine molecules having long 
alkyl chains (Fig. 2) were mixed with 
amphiphilic matrices and cast on 
electrodes as thin films [8-10], These 
phthalocyanines undergo up to five 
reductions at the modified electrode. The 
fifth reduction had been theoretically 
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Fig. 1 Chemical structures of the quinolinium tricyanoquinodimethanides. 



Fig. 2 Chemical structures of the alkylthio substituted double-decker lutetium (III) phthalocyanines. 


predicted but had not been previously 
observed for any double-decker lutetium 
phthalocyanines. Moreover, use of cationic 
matrices is important because reduced 
anions of the phthalocyanines can be 
stabilized in these matrices. Multicolor 
electrochromism, that is, green, brown- 
red, blue, and purple, are observed 
at LB films of octakis-substituted 
heavy rare-earth metal double-decker 
phthalocyanines in contact with an 
aqueous electrolyte [11]. Saja et al. 
reported that LB films of rare-earth 
metal double-decker phthalocyanines 
deposited onto indium tin oxide (ITO) 
microelectrodes have sensing properties 


for NO gas and vapors of volatile organic 
compounds such as alcohols, aldehydes, 
and esters, which are contained in aromas 
of foods and beverages [12, 13]. 

LB films of artificial lipids transferred 
onto electrode substrates could be used 
as glucose [14] and calcium ion [15] sen- 
sors and for hydrogen evolution [16]. 
Okahata et al. coated a SnC >2 electrode 
with LB films of synthetic phospholipids 
[15]. Oxidation peak currents of a maker 
ion ([Fe(CN) 6 ]V4- 

) in the aqueous phase 
through the lipid films increased with 
the addition of Ca 2+ ions only when the 
LB films were in the fluid liquid crys- 
talline phase above the phase transition 



temperature since Ca 2+ ion can only bind 
and penetrate into the fluid liquid crys- 
talline phase of the films and disturb 
or expand the LB membrane structures. 
The LB films of glucose oxidase (GOD)- 
artificial lipid monolayers deposited onto 
Pt electrodes act as glucose-sensing ultra- 
thin membranes with a short response 
time [14]. Miyake etal. reported electro- 
chemical hydrogen evolution using LB 
films of hydrogenase protein complexed 
with poly-L-lysine, in which methyl violo- 
gen was used as a mediator [16]. Ariga 
et al. developed a novel type of vita- 
min Bi 2 -functionalized electrode [17], in 
which the monolayer properties of the vi- 
tamin B 12 mimics were investigated as 
a mixed monolayer with an organosilane 
lipid (Fig. 3). The obtained electrodes have 
the potential to transform environmentally 
toxic chemicals into nonhazardous ones 
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through an electrochemical process. The 
lipid LB film modified electrodes pro- 
vide a suitable interface for the elec- 
trochemistry of cytochrome c [18] and 
myoglobin [19]. Thus, the synthetic artifi- 
cial lipids provide suitable environments 
for the electrochemistry of redox-active 
biomolecules. 

1 . 4 . 2.3 Langmuir Monolayer of Fullerenes 
at the Air-Water Interface 

The construction of fullerene ultrathin 
films with an ordered structure is of inter- 
est from both a fundamental and practical 
point of view [20-22]. C 60 alone and am- 
phiphilic fullerene derivatives form mono- 
layers at the air-water interface and these 
monolayers can be transferred onto solid 
substrates [23-27]. The authors [28-38] 
and others [39-43] have been interested 
in combining fullerene chemistry and the 
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Fig. 3 Chemical structures of the organosilane amphiphile and vitamin Bn 2 
derivative. 



206 | 7 Preparation of Monolayer Modified Electrodes 

O 



Fig. 4 Chemical structure of the fullerene lipid. 


chemistry of lipid bilayer membranes, 
which may create a novel field in the chem- 
istry and biochemistry of fullerenes. We 
have reported the design, synthesis, and 
characterization of a C6o-bearing triple- 
chain lipid [28, 32, 33, 36, 37] (Fig. 4). 
This lipid forms stable Langmuir mono- 
layers at the air-water interface [32, 37]. 
The surface-pressure -area isotherm of 
the fullerene lipid gives limiting areas 
of 0.78 and 0.98 nm 2 /molecule, suggest- 
ing the formation of monolayers with 
hexagonal and simple square packing, re- 
spectively [32]. In situ X-ray reflectometry 
(XR) techniques revealed the nanostruc- 
ture of the fullerene-lipid monolayer on 
water, that is, the fullerene moiety was 
in contact with the water surface and 


the lipid tail extended to the air [37] 
(Fig. 5). 

The LB film prepared in the dark shows 
temperature dependent UV-vis absorp- 
tion spectra. At lower temperatures, there 
is an electronic interaction between the 
fullerene moieties in the LB film. Upon 
heating over 47 °C, which is the subphase 
transition temperature of the cast films of 
the fullerene lipid [28, 36], the electronic 
interaction of the fullerene moieties is loos- 
ened. The electronic interaction between 
the fullerene moieties can be controlled 
by the phase change of the film. The fun- 
damental property of the self-assembled 
bilayer membrane film is maintained in 
the LB film prepared in the dark, indicating 
that the molecular orientations of the 
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Fig. 5 Schematic illustration of the nanostructure of the 
monolayer of the fullerene lipid on water revealed by in situ 
X-ray reflectometry measurements. 


fullerene moieties of the LB film and cast 
film of the fullerene lipid are not signif- 
icantly different. This is important from 
the viewpoint of the introduction of lipid 
bilayer properties of the fullerene lipids to 
the LB system. This information is useful 
for the design and construction of func- 
tional supramolecular ultrathin fullerene 
films at the air-water interface and on 
solid surfaces. 

1 . 4 . 2.4 Electrochemistry of LB Films of 
Fullerenes on Electrodes 

Electrochemistry of LB films of fullerenes 
has been widely studied and remains 
the subject of much research effort from 
both theoretical and experimental ap- 
proaches. Bard et al. have studied basic 
electrochemistry of C6o fullerene LB films 
on an electrode in acetonitrile solutions 
[23]. The study indicated that reduction 
of the fullerene films could form insol- 
uble films with incorporated electrolyte 
cations or lead to dissolution. The study 
on Cgo LB films has become a focus of 
considerable interest; however, it is diffi- 
cult to fabricate high-quality LB films of 
pure C6o due to its intrinsic hydropho- 
bicity. Kajiyama et al. applied a multistep 
creep method as an LB technique for 
constructing a fairly homogeneous C6o 
monolayer, which is regularly packed in 
a hexagonal array [44]. Kunitake et al. de- 
veloped the electrochemical replacement 
method to form epitaxial adlayers of 
fullerenes on Au(lll) surfaces [45]. The 
“wet process” method consists of the 
transfer of Langmuir films of fullerene 
onto iodine-modified Au(lll) surfaces at 
an air-water interface followed by the 
electrochemical removal and replacement 
of iodine adlayers with fullerene adlay- 
ers in solution. The fullerene adlayers 
prepared by this method showed excel- 
lent quality and uniformity. A visualizing 
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technique by in situ scanning tunnel- 
ing microscopy (STM) for the surface 
morphology of fullerene LB films on 
iodine-modified Pt(lll) surfaces was also 
developed [46], 

As an alternative way to avoid the 
formation of low-quality aggregated struc- 
tures of fullerenes, several functional- 
ized fullerene derivatives with nonpolar 
or polar groups were synthesized. Sub- 
sequently, electrochemical characteriza- 
tion of the higher-quality LB films was 
performed. The electrochemistry of LB 
films of fullerene derivatives in organic 
solvents showed well-defined reversible 
multi-electroreductions [47], but this was 
not observed in all of the cases. LB 
films of fullerenes have several intrinsic 
properties such as nonlinear optical fea- 
tures and gas sensing. The LB films of 
a crowned C6o-pyrrolidine [48] and of a 
4-acetylphenyl-substituted C6o -pyrrolidine 
[49] exhibit optical second-harmonic re- 
sponses. The second-harmonic intensity 
is strongly dependent on the number of 
layers of the LB films. Spatial control of 
arachidic acid LB films by introduction of 
C6o molecules as the spacers to a polymer 
backbone, poly(allylaminehydrochloride) 
(PAH), is reported to be a novel sen- 
sor for a-pinene, citral, d‘ car y°phyllene, 
Nerilidol, and H-octadecane in the gas 
phase [50, 51]. Models of natural pho- 
toreaction centers can be constructed 
using LB films of fullerene derivatives. 
Tkachenko et al. described the preparation 
of LB films of a phytochlorin-fullerene 
[52] and of a porphyrin-fullerene [53] 
that show vectorial photoinduced elec- 
tron transfer reactions (Fig. 6). These 
donor -acceptor dyad LB film systems 
are an attractive example for the de- 
velopment of molecular optoelectronic 
devices. 
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Fig. 6 Chemical structures of the phytochlorin-fullerene (left) and porphyrin-fullerene (right) dyads. 


1.4. 2. 5 Carbon Nanotube LB Films 

Iijima discovered MWNTs [54] and 
SWNTs [55] in 1991 and 1993, respec- 
tively. Since the first findings, carbon 
nanotubes have been at the forefront of 
nanoscience and nanotechnology because 
of their remarkable electronic, mechani- 
cal, and thermal properties, and specific 
functions [56-59]. Soluble carbon nano- 
tubes in aqueous and organic systems are 
of interest since their study can lead to 
the chemical and biochemical design of 
functional carbon nanotubes. 

The preparation of carbon nanotube 
sheets, called carbon nanotube papers [60] 
and carbon nanotube films by physical 
adsorption [61] is already known. How- 
ever, reports describing the preparation of 
thin films with high homogeneity from 
purified-carbon nanotubes dissolved or 
dispersed in solution are very limited. 
By utilizing soluble nanotubes, carbon 
nanotube ultrathin films can be formed. 
Ultrathin composite films of carbon nano- 
tubes and amphiphiles are formed by 
means of the LB technique [62]. Krstic 
et al. described the formation of mono- 
layers of SWNTs and a surfactant on 
substrates with lithographically defined 
electrode arrays [63]. They measured the 
electrical transport of the electrodes. The 


current /voltage characteristics showed a 
nonlinear dependence with steplike fea- 
tures. Minami et al. [64] prepared optically 
homogeneous and structurally controlled 
(oriented) LB films from soluble SWNTs. 
LB film formation of crown ether-modified 
soluble MWNTs and SWNTs have been re- 
ported by Guo et al. [65] Luccio et al. [66] 
described the formation of LB films of 
SWNTs and behenic acid with densely 
packed and uniform coverage on hy- 
drophobic Si(100) substrates. Preparation 
of carbon nanotube/polyelectrolyte thin 
films by the layer-by-layer technique has 
been reported [67]. We have reported the 
dissolution of shortened SWNTs in aque- 
ous micelle of an electroactive surfactant, 
11-ferrocenylundecy poly (ethylene glycol), 
and then the formation of SWNT films 
from the solution by electrodeposition, 
whose process was monitored by an elec- 
trochemical quartz crystal microbalance 
(EQCM) [68]. Barisci and coworkers [69] re- 
ported EQCM studies of SWNTs dispersed 
in water or in acetonitrile. Carbon nan- 
otube ultrathin films described earlier are 
considered to possess ordered and oriented 
structures and therefore these films may 
be useful for the construction of optical 
and optoelectronic devices. 



1.4. 2. 6 Conclusions 

We have reviewed a recent progress on 
the electrochemistry of LB films and re- 
lated films of functionalized molecules 
including “molecular wire” compounds, 
phthalocyanines, artificial lipids, proteins 
and fullerene derivatives, and carbon nan- 
otubes. Ultrathin films with ordered struc- 
tures on substrates should be promising 
nanomaterials for future nanoelectronic 
and molecular-information transducers 
with controllable and fine structures at the 
molecular level. The construction of such 
artificial nanomolecular devices is a great 
challenge in the near future. 
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1.4. 2.1 Introduction 

In this chapter, the electrochemistry of 
Langmuir- Blodgett (LB) films of func- 
tionalized molecules including “molecular 
wire’’ compounds, phthalocyanines, artifi- 
cial lipids, proteins and fullerene deriva- 
tives, and carbon nanotubes (CNTs) is 
described. 

The use of electrodes modified with 
immobilized redox-active molecules pro- 
vides a simple methodology by which to 
study the ultrathin film electrochemistry 
of water-insoluble redox-active molecules, 
encouraging the application of such tech- 
niques to biomimetic membranes in 
aqueous media. It is of interest to use 
monolayer and LB films of enzymes, pro- 
teins, and antibodies as biosensors or 
biomolecular switches because of their 
high sensitivity for their substrates and 
antigens, respectively. The formation of 
thin fullerene films including fullerene- 
lipid hybrid and fullerene-lipid composite 
bilayer membranes is of interest both from 
a fundamental and practical application 
point of view. Multiwalled carbon nano- 
tubes (MWNTs) and single-walled carbon 
nanotubes (SWNTs) are novel nanoma- 
terials that have remarkable electronic, 
mechanical, and thermal properties, and 
specific functions. Soluble carbon nan- 
otubes in aqueous and organic systems 
are of interest since their study allows the 


7.4 Langmuir-Blodgett (LB) Films on Electrodes | 203 

chemical and biochemical design of func- 
tional carbon nanotubes. We describe here 
how to make ultrathin films of nanotubes 
on substrates. 

1 .4.2.2 Electrochemistry of LB Films of 
“Molecular Wires” and Phthalocyanines 

It is known that LB techniques can be 
applied for the construction of thin film 
electronic devices and molecular recti- 
fiers [1-5]. Conjugated redox-active com- 
pounds are candidates for “molecular 
wires” and are expected to be a conve- 
nient tool for the construction of molecu- 
lar electronic devices. We have reported 
that LB films of tz -conjugated electro- 
chemically active quinolinium complexes 
transferred on to gold electrodes show 
rectified transmembrane electron trans- 
fer, through the LB monolayer, to hexa- 
cyanoferrate(II) ([Fe(CN)6] 4- ) in solution 
[6, 7]. Potential-step chronocoulometric re- 
sponses revealed that the LB monolayer 
acts as an organic ultramicroelectrode ar- 
ray. Metzger et al. constructed electrical 
rectification systems using LB monolayers 
of substituted quinolinium tricyanoquino- 
dimethanides (Fig. 1) on electrodes by 
scanning tunneling spectroscopy (STS) 

[1, 3]. The unimolecular electrical recti- 
fiers prepared by using LB techniques are 
useful for the construction of molecular 
electrode devices [1-5]. 

Ultrathin films of electrochromic 
molecules such as multireducible double- 
decker phthalocyanines are one important 
possible component of color display 
devices. The double-decker lutetium(III) 
phthalocyanine molecules having long 
alkyl chains (Fig. 2) were mixed with 
amphiphilic matrices and cast on 
electrodes as thin films [8-10]. These 
phthalocyanines undergo up to five 
reductions at the modified electrode. The 
fifth reduction had been theoretically 
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Fig. 1 Chemical structures of the quinolinium tricyanoquinodimethanides. 



Fig. 2 Chemical structures of the alkylthio substituted double-decker lutetium(lll) phthalocyanines. 


predicted but had not been previously 
observed for any double-decker lutetium 
phthalocyanines. Moreover, use of cationic 
matrices is important because reduced 
anions of the phthalocyanines can be 
stabilized in these matrices. Multicolor 
electrochromism, that is, green, brown- 
red, blue, and purple, are observed 
at LB films of octakis-substituted 
heavy rare-earth metal double-decker 
phthalocyanines in contact with an 
aqueous electrolyte [11]. Saja et al. 
reported that LB films of rare-earth 
metal double-decker phthalocyanines 
deposited onto indium tin oxide (ITO) 
microelectrodes have sensing properties 


for NO gas and vapors of volatile organic 
compounds such as alcohols, aldehydes, 
and esters, which are contained in aromas 
of foods and beverages [12, 13]. 

LB films of artificial lipids transferred 
onto electrode substrates could be used 
as glucose [14] and calcium ion [15] sen- 
sors and for hydrogen evolution [16]. 
Okahata et al. coated a SnC >2 electrode 
with LB films of synthetic phospholipids 
[15]. Oxidation peak currents of a maker 
ion ([Fe(CN) 6 ] 3 / 4 ) in the aqueous phase 
through the lipid films increased with 
the addition of Ca 2+ ions only when the 
LB films were in the fluid liquid crys- 
talline phase above the phase transition 



temperature since Ca 2+ ion can only bind 
and penetrate into the fluid liquid crys- 
talline phase of the films and disturb 
or expand the LB membrane structures. 
The LB films of glucose oxidase (GOD)- 
artificial lipid monolayers deposited onto 
Pt electrodes act as glucose-sensing ultra- 
thin membranes with a short response 
time [14]. Miyake et al. reported electro- 
chemical hydrogen evolution using LB 
films of hydrogenase protein complexed 
with poly-L-lysine, in which methyl violo- 
gen was used as a mediator [16]. Ariga 
et al. developed a novel type of vita- 
min Bi 2 -functionalized electrode [17], in 
which the monolayer properties of the vi- 
tamin B 12 mimics were investigated as 
a mixed monolayer with an organosilane 
lipid (Fig. 3). The obtained electrodes have 
the potential to transform environmentally 
toxic chemicals into nonhazardous ones 


7.4 Langmuir-Blodgett (LB) Films on Electrodes | 205 

through an electrochemical process. The 
lipid LB film modified electrodes pro- 
vide a suitable interface for the elec- 
trochemistry of cytochrome c [18] and 
myoglobin [19]. Thus, the synthetic artifi- 
cial lipids provide suitable environments 
for the electrochemistry of redox-active 
biomolecules. 

1 .4.2.3 Langmuir Monolayer of Fullerenes 
at the Air-Water Interface 

The construction of fullerene ultrathin 
films with an ordered structure is of inter- 
est from both a fundamental and practical 
point of view [20-22]. C6o alone and am- 
phiphilic fullerene derivatives form mono- 
layers at the air-water interface and these 
monolayers can be transferred onto solid 
substrates [23-27]. The authors [28-38] 
and others [39-43] have been interested 
in combining fullerene chemistry and the 
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Fig. 3 Chemical structures of the organosilane amphiphile and vitamin Bn 2 
derivative. 
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Fig. 4 Chemical structure ofthe fullerene lipid. 


chemistry of lipid bilayer membranes, 
which may create a novel field in the chem- 
istry and biochemistry of fullerenes. We 
have reported the design, synthesis, and 
characterization of a C6o-bearing triple- 
chain lipid [28, 32, 33, 36, 37] (Fig. 4). 
This lipid forms stable Langmuir mono- 
layers at the air- water interface [32, 37]. 
The surface-pressure -area isotherm of 
the fullerene lipid gives limiting areas 
of 0.78 and 0.98 nm 2 /molecule, suggest- 
ing the formation of monolayers with 
hexagonal and simple square packing, re- 
spectively [32]. In situ X-ray reflectometry 
(XR) techniques revealed the nanostruc- 
ture of the fullerene-lipid monolayer on 
water, that is, the fullerene moiety was 
in contact with the water surface and 


the lipid tail extended to the air [37] 

(Fig- 5). 

The LB film prepared in the dark shows 
temperature dependent UV-vis absorp- 
tion spectra. At lower temperatures, there 
is an electronic interaction between the 
fullerene moieties in the LB film. Upon 
heating over 47 °C, which is the subphase 
transition temperature of the cast films of 
the fullerene lipid [28, 36], the electronic 
interaction ofthe fullerene moieties is loos- 
ened. The electronic interaction between 
the fullerene moieties can be controlled 
by the phase change of the film. The fun- 
damental property of the self-assembled 
bilayer membrane film is maintained in 
the LB film prepared in the dark, indicating 
that the molecular orientations of the 


Air p air = 0 



Fig. 5 Schematic illustration of the nanostructure of the 
monolayer ofthe fullerene lipid on water revealed by in situ 
X-ray reflectometry measurements. 


fullerene moieties of the LB film and cast 
film of the fullerene lipid are not signif- 
icantly different. This is important from 
the viewpoint of the introduction of lipid 
bilayer properties of the fullerene lipids to 
the LB system. This information is useful 
for the design and construction of func- 
tional supramolecular ultrathin fullerene 
films at the air-water interface and on 
solid surfaces. 

1.4. 2. 4 Electrochemistry of LB Films of 
Fullerenes on Electrodes 

Electrochemistry of LB films of fullerenes 
has been widely studied and remains 
the subject of much research effort from 
both theoretical and experimental ap- 
proaches. Bard et al. have studied basic 
electrochemistry of C6o fullerene LB films 
on an electrode in acetonitrile solutions 
[23]. The study indicated that reduction 
of the fullerene films could form insol- 
uble films with incorporated electrolyte 
cations or lead to dissolution. The study 
on C6o LB films has become a focus of 
considerable interest; however, it is diffi- 
cult to fabricate high-quality LB films of 
pure C(,o due to its intrinsic hydropho- 
bicity. Kajiyama et al. applied a multistep 
creep method as an LB technique for 
constructing a fairly homogeneous Cgo 
monolayer, which is regularly packed in 
a hexagonal array [44]. Kunitake et al. de- 
veloped the electrochemical replacement 
method to form epitaxial adlayers of 
fullerenes on Au(lll) surfaces [45]. The 
“wet process” method consists of the 
transfer of Langmuir films of fullerene 
onto iodine-modified Au(lll) surfaces at 
an air-water interface followed by the 
electrochemical removal and replacement 
of iodine adlayers with fullerene adlay- 
ers in solution. The fullerene adlayers 
prepared by this method showed excel- 
lent quality and uniformity. A visualizing 
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technique by in situ scanning tunnel- 
ing microscopy (STM) for the surface 
morphology of fullerene LB films on 
iodine-modified Pt(lll) surfaces was also 
developed [46]. 

As an alternative way to avoid the 
formation of low-quality aggregated struc- 
tures of fullerenes, several functional- 
ized fullerene derivatives with nonpolar 
or polar groups were synthesized. Sub- 
sequently, electrochemical characteriza- 
tion of the higher-quality LB films was 
performed. The electrochemistry of LB 
films of fullerene derivatives in organic 
solvents showed well-defined reversible 
multi-electroreductions [47], but this was 
not observed in all of the cases. LB 
films of fullerenes have several intrinsic 
properties such as nonlinear optical fea- 
tures and gas sensing. The LB films of 
a crowned C6o-pyrrolidine [48] and of a 
4-acetylphenyl-substituted C6o-pyrrolidine 
[49] exhibit optical second-harmonic re- 
sponses. The second-harmonic intensity 
is strongly dependent on the number of 
layers of the LB films. Spatial control of 
arachidic acid LB films by introduction of 
C6o molecules as the spacers to a polymer 
backbone, poly(allylaminehydrochloride) 
(PAH), is reported to be a novel sen- 
sor for cc-pinene, citral, /J-caryophyllene, 
Nerilidol, and «-octadecane in the gas 
phase [50, 51]. Models of natural pho- 
toreaction centers can be constructed 
using LB films of fullerene derivatives. 
Tkachenko et al. described the preparation 
of LB films of a phytochlorin-fullerene 
[52] and of a porphyrin-fullerene [53] 
that show vectorial photoinduced elec- 
tron transfer reactions (Fig. 6). These 
donor -acceptor dyad LB film systems 
are an attractive example for the de- 
velopment of molecular optoelectronic 
devices. 
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Fig. 6 Chemical structures of the phytochlorin-fullerene (left) and porphyrin-fullerene (right) dyads. 


1.4. 2. 5 Carbon Nanotube LB Films 

Iijima discovered MWNTs [54] and 
SWNTs [55] in 1991 and 1993, respec- 
tively. Since the first findings, carbon 
nanotubes have been at the forefront of 
nanoscience and nanotechnology because 
of their remarkable electronic, mechani- 
cal, and thermal properties, and specific 
functions [56-59]. Soluble carbon nano- 
tubes in aqueous and organic systems are 
of interest since their study can lead to 
the chemical and biochemical design of 
functional carbon nanotubes. 

The preparation of carbon nanotube 
sheets, called carbon nanotube papers [60] 
and carbon nanotube films by physical 
adsorption [61] is already known. How- 
ever, reports describing the preparation of 
thin films with high homogeneity from 
purified-carbon nanotubes dissolved or 
dispersed in solution are very limited. 
By utilizing soluble nanotubes, carbon 
nanotube ultrathin films can be formed. 
Ultrathin composite films of carbon nano- 
tubes and amphiphiles are formed by 
means of the LB technique [62]. Krstic 
et al. described the formation of mono- 
layers of SWNTs and a surfactant on 
substrates with lithographically defined 
electrode arrays [63]. They measured the 
electrical transport of the electrodes. The 


current /voltage characteristics showed a 
nonlinear dependence with steplike fea- 
tures. Minami et al. [64] prepared optically 
homogeneous and structurally controlled 
(oriented) LB films from soluble SWNTs. 
LB film formation of crown ether-modified 
soluble MWNTs and SWNTs have been re- 
ported by Guo et al. [65] Luccio et al. [66] 
described the formation of LB films of 
SWNTs and behenic acid with densely 
packed and uniform coverage on hy- 
drophobic Si(100) substrates. Preparation 
of carbon nanotube/polyelectrolyte thin 
films by the layer-by-layer technique has 
been reported [67]. We have reported the 
dissolution of shortened SWNTs in aque- 
ous micelle of an electroactive surfactant, 
11-ferrocenylundecy poly (ethylene glycol), 
and then the formation of SWNT films 
from the solution by electrodeposition, 
whose process was monitored by an elec- 
trochemical quartz crystal microbalance 
(EQCM) [68]. Barisci and coworkers [69] re- 
ported EQCM studies of SWNTs dispersed 
in water or in acetonitrile. Carbon nan- 
otube ultrathin films described earlier are 
considered to possess ordered and oriented 
structures and therefore these films may 
be useful for the construction of optical 
and optoelectronic devices. 



1.4. 2. 6 Conclusions 

We have reviewed a recent progress on 
the electrochemistry of LB films and re- 
lated films of functionalized molecules 
including “molecular wire” compounds, 
phthalocyanines, artificial lipids, proteins 
and fullerene derivatives, and carbon nan- 
otubes. Ultrathin films with ordered struc- 
tures on substrates should be promising 
nanomaterials for future nanoelectronic 
and molecular-information transducers 
with controllable and fine structures at the 
molecular level. The construction of such 
artificial nanomolecular devices is a great 
challenge in the near future. 
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1.5.1 

Langmuir and Gibbs Monolayers at the 
Air/Water Interface 

The air /water interface is a unique plat- 
form for the formation of monolayer 
assemblies. As in the case of all liquids, 
the water surface is nearly molecularly 
smooth [1], Water has the highest surface 
tension of all molecular liquids. Water is 
also a liquid of exceedingly high polarity, 
which renders a large fraction of nonionic 
molecules and some ionic amphiphiles wa- 
ter insoluble. A moderately high boiling 
temperature and partial pressure of water 
allow one to investigate monolayer films at 
the air/water interface in the temperature 
range of roughly 0-50 °C. High surface 
tension and high polarity of water allow 
spreading of Langmuir monolayers, films 
of insoluble, typically amphiphilic com- 
pounds deposited on the water surface as 
solutions in volatile solvents such as chlo- 
roform. Following spreading and solvent 
evaporation, the surface concentration of 
a compound can be controlled mechani- 
cally by sweeping the water surface with 
a Teflon barrier that confines the known 
quantity of the spread compound to a spe- 
cific surface area of a Langmuir trough 
[2-7]. Another class of structurally simi- 
lar monolayer films involves water-soluble 
surfactants. These types of monolayers, 
termed Gibbs monolayers, form sponta- 
neously at the air /water interface as a result 
of surface partitioning equilibria [8]. 


Just as there exist numerous types of 
amphiphiles such as single alkane chain 
alcohols, amines, fatty acids and esters, 
various phospholipids and polymeric am- 
phiphiles, it is also possible to talk about a 
range of physical phenomena and practi- 
cal applications that drive research in this 
area of science. Fundamentally, Langmuir 
monolayers constitute a relatively easy to 
control class of systems where physical 
phenomena such as ordering, phase tran- 
sitions, critical phenomena, and dynamics 
of lateral transport can be investigated in 
2D. Biophysicists regard Langmuir films 
as model systems of biological membranes 
and investigate the relationship between 
their composition, structure, and mono- 
layer dynamics [9]. Surface adsorption and 
the resulting Gibbs monolayers have long 
been of interest to scientists interested 
in surface rheology, wetting, formation of 
foams and emulsions, and other related 
phenomena. Finally, it is important to 
mention that Langmuir films can be se- 
quentially transferred onto solid surfaces 
to form the so-called Langmuir- Blodgett 
films (see Sect. 1.5. 2. 1.5). The L— B films 
have been of long standing interest in the 
chemical, physical, and materials sciences 
as a general, molecular level methodology 
of forming ordered multilayer assem- 
blies of controlled structure and compo- 
sition [10]. 

A schematic diagram of a Langmuir 
trough, a shallow Teflon dish filled with 
ultrapure water commonly used to study 
Langmuir and Gibbs monolayer films is 
shown in Fig. 1. Such instruments are typ- 
ically equipped with a precision driven 
Teflon barrier enabling the control of 
the area of the water surface, a surface 
balance - allowing one to record surface 
pressure versus mean molecular area (rr 
vs. MMA) isotherms [2, 5, 7], a Kelvin 
probe - an instrument measuring surface 
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Fig. 1 A schematic drawing of a Langmuir trough instrument. The working 
electrode resides at the air/water interface. Its type and design reflect a particular 
type of electrochemical experiment to be carried out to characterize monolayers on 
the air/water interface. 


potential that can reveal the dependence 
of the surface normal component of an 
average dipole moment of the molecules 
spread on the water surface as a func- 
tion of their MMA [11], and a Brewster 
angle microscope (BAM) [12, 13]. The latter 
technique allows one to image morphol- 
ogy of surface films during compression. 
The potentiostatic setup shown in Fig. 1 
and a working electrode touching the wa- 
ter surface are used to electrochemically 
characterize the surface monolayer film. 
Application of the electrochemical meth- 
ods in the studies of Langmuir films is, 
indeed, the main subject of this review. 

The use of electrochemistry to character- 
ize Langmuir films directly at the air/water 
interface was introduced in the mid- 
eighties. Since then two classes of experi- 
ments have been developed: (1) horizontal 
touch (HT) experiments involving a pla- 
nar working electrode held directly above 
the air/water interface and contacting 
a monolayer film spread on the water 
surface; and (2) two-dimensional (2D) elec- 
trochemical measurements involving line 
microelectrodes positioned in the plain 


of the air/water interface. In the follow- 
ing sections, we discuss these approaches 
and present key experimental results. For 
the sake of completeness, it is worth 
adding that scanning electrochemical mi- 
croscopy (SECM) has also been applied 
to investigate Langmuir films. This indi- 
rect method of probing charge transport 
in Langmuir films involves a disk micro- 
electrode held in the subphase, directly 
underneath the water surface. Current 
versus distance dependence is recorded 
and analyzed as the disk microelectrode 
is slowly brought into a close proximity 
of a Langmuir monolayer film. Several 
examples of this approach to the stud- 
ies of Langmuir films were reported by 
Unwin and coworkers [14-17]. Scanning 
Electrochemical Microscopy (SECM) is the 
subject of Sect. 3.2.8, in Volume 3. 

1.5.2 

Horizontal Touch Electrochemical 
Characterization of Monolayer Films at the 
Air/Water Interface 

Horizontal touch is a term that can be 
attributed to Langmuir and Schaefer who 
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described a transfer technique of a mono- 
layer from the air/water interface to a flat 
surface of a solid substrate [18]. This in- 
volved lowering a plate onto the water 
surface “in a nearly horizontal position.” 
Early on. Miller and coworkers used a sim- 
ilar methodology to transfer monolayer 
films on mercury electrodes and carry out 
electrochemical experiments with the re- 
sulting Langmuir- Blodgett (LB) type films 
in the subphase [19, 20]. The electrochem- 
istry of LB and self-assembled films on 
mercury has been reviewed by Guidelli 
(see Sect. 1.5.2. 1.3) Horizontal touch elec- 
trochemistry carried out with a working 
electrode just touching the interface was 
first demonstrated by Lujihira and Araki 

[21] . They showed that by contacting a 
Langmuir film of a surfactant derivative 
of anthraquinone with a flat glassy carbon 
electrode, they were able to electrochem- 
ically address the molecules forming the 
Langmuir film. This technique was further 
developed by Miller, Bard and cowork- 
ers [22-24]. Their experiments involved 
indium-doped tin oxide (ITO) and pyrolitic 
graphite electrodes. Their work proceeded 
in three directions. On the one hand, they 
showed that HT voltammetry can offer 
sensitive means of detecting the pres- 
ence of solid domains in Langmuir films 

[22] . Compounds such as Ru(bpy) 2 <bpy- 
C19) (bpy is 2 , 2 '-bipyridine and bpy-Ci 9 
is a bpy ligand with a single stearamido 
moiety attached to one pyridine ring 
in 4-position) aggregate upon spreading 
forming large, 2D, solid domains within 
which each Ru(bpy) 2 (bpy-Ci 9 ) occupies an 
area of ca. 120 A 2 /molecule. Repetitive HT 
voltammetric experiments were carried 
out each with a freshly cleaned 0.5 cm 2 
ITO electrode touching Ru(bpy) 2 (bpy-Ci 9 ) 
film of submonolayer coverage (240 and 
600 A 2 /molecule). The authors observed 
stochastic behavior in these experiments. 


Not every act of placing an electrode on the 
monolayer covered water surface resulted 
in making contact with the monolayer 
material. The probability of recording a 
voltammetric signal due to Ru(bpy) 2 (bpy- 
C 19 ) oxidation depended inversely on the 
MM A of the ruthenium surfactant, and 
clearly reflected the fact that only a frac- 
tion of the water surface was covered with 
the solid aggregates of the compound. The 
authors proposed that experiments of this 
type, if done with electrodes of different 
surface areas , could be interpreted in terms 
of the average size of the 2 D aggregates. 

In the second related direction of their 
research. Miller and coworkers developed 
a Langmuir monolayer imaging technique 
involving the electrogenerated chemilu- 
minescence (ECL) phenomenon [23]. HT 
voltammetry of Langmuir monolayers of 
Ru(bpy) 2 (bpy-Ci 9 ) (and of other ruthe- 
nium complexes) was used to generate 
Ru(III+) species. These reacted with 
oxalate ions purposefully added to the 
subphase in a Langmuir trough. The well- 
known sequence of reactions generated 
an excited state of the ruthenium com- 
plex. The ECL emission was collected with 
a CCD camera to generate photographs 
of a section of the Langmuir monolayer 
contacted by the electrode surface. These 
experiments offered confirmation of the 
heterogeneous structure of the Langmuir 
monolayers of the ruthenium complexes. 

In the third direction of their research. 
Miller and Bard also relied on HT 
voltammetry of Langmuir monolayer films 
to develop a trace analytic method of 
determination of water insoluble redox- 
active species [24]. They demonstrated 
that pL volumes of such compounds 
can be deposited on the water surface 
in a miniature Langmuir trough, and 
then assayed electrochemically by HT 
voltammetry yielding detection limits of 
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ca. 1 pmol. Lower detection limits were 
anticipated if much smaller electrodes and 
Langmuir apparatus were to be used. 

The HT voltammetry with gold elec- 
trodes was also recently used to measure 
the surface partitioning constant of a solu- 
ble, redox-active surfactant at the air /water 
interface [25]. Malec and coworkers mod- 
ified the surface of gold electrodes by 
self-assembly of short alkane chain thi- 
ols in order to mimic the thermodynamic 
properties of the air/water interface. They 
relied on the fact that the surface ten- 
sions of the air/water interface and of 
the liquid alkane/water interface are sim- 
ilar [8]. Indeed, the HT measurements of 
the Gibbs monolayer formation constant 
were in agreement with their surface ten- 
siometry and Brewster angle microscopic 
measurements [25]. 

Lipkowski and coworkers used the HT 
electrochemistry to study electrochemi- 
cally inactive compounds such as oc- 
tadecanoic acid in Langmuir monolayers 
under controlled surface pressure condi- 
tions [26-32]. These experiments involved 
single crystal gold (111) electrodes flamed 
prior to each HT experiment and then 
suspended slightly above the water surface 
(the hanging meniscus method) trapping a 
Langmuir monolayer at the metal solution 
interface. The subsequent electrochemi- 
cal experiments involved measurements 
of the interfacial capacitance and chrono- 
coulometry. The latter technique allowed 
the authors to precisely measure the 
charge density at the metal solution inter- 
face as a function of potential. Integration 
of the charge versus potential data yields 
plots of the surface pressure versus the 
electrode potential. Surface pressure is de- 
fined as the difference between interfacial 
tension in the absence and in the pres- 
ence of the surfactant. The results of these 
experiments can be summarized in the 


following two conclusions of fundamental 
importance. The first one concerns the ef- 
fect of the electrode potential. The authors 
conclusively demonstrated a direct rela- 
tionship between the electrode potential 
and the surface pressure of the surfactant 
monolayer on the metal/solution interface. 
The surface pressure is at a maximum at a 
potential of zero charge, and corresponds 
therefore to the highest monolayer packing 
density. It then decreases with an increas- 
ing negative potential and thus increasing 
negative charge at the metal/ solution inter- 
face. At a sufficiently negative potential, the 
surface pressure becomes zero, indicating 
a complete desorption of the monolayer 
film. The summary of these results is 
shown in Fig. 2. Overall, Lipkowski’s mea- 
surements demonstrated that in the HT 
experiments the electrode potential is the 
parameter controlling the surface pressure 
of a monolayer film at the metal/solution 
interface just as the surface pressure of 
a Langmuir monolayer is controlled me- 
chanically by adjusting the surface area 
of a Langmuir trough [30]. The surface 
pressure of a monolayer at the water/air 
interface and at the metal/solution inter- 
face is the same only at the potential of 
zero charge. The second conclusion of Lip- 
kowski’s research is a discovery that the ap- 
plication of a negative potential results in 
the formation of small micelle-like aggre- 
gates of the surfactant desorbed from the 
metal/solution interface, and that the pro- 
cess is reversible resulting in monolayer 
respreading at the metal/solution interface 
at less negative potentials [30]. The exis- 
tence and the structure of the surfactant 
aggregates near the metal surface were in- 
vestigated by reflectance spectroscopy and 
light scattering measurements [29]. Addi- 
tional electrochemical and spectroscopic 
work probing the questions of monolayer 
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Fig. 2 Thermodynamics of the octadecanol (CigOH) monolayer films 
at the air/water (CS), and metal/solution (MS) interfaces investigated 
by the HT electrochemical methods. Three-dimensional representation 
of the film pressure at the MS interface as a function of the film 
pressure at the CS interface (at the time of an HT experiment in which 
a freshly flamed Au (111) electrode is placed at the CS interface), and 
the electrode potential. The straight line, drawn at £ = £ pzc , represents 
conditions under which the surface pressure of the CisOH film is the 
same at both interfaces (from Ref. 28). 


desorption and aggregation was reported 
by Bizzotto and coworkers [33-36]. 

The HT investigations of redox in- 
active Langmuir monolayers raised the 
question of whether monolayers at the 
metal/solution interface could respond to 
surface pressure changes at the adjacent 
air /water interface. The answer was of- 
fered independently first by Miller [37] 
and coworkers and then by Lipkowski 
[38]. It appears that a lateral monolayer 
flow from the air/water interface to the 
metal/solution interface is possible in 
cases of liquid films. As discussed next, 
the rate of this transport depends on the 


surface pressure gradient as well as on the 
structure dependent monolayer fluidity. 

An entirely different application of elec- 
trochemical methods involving a horizon- 
tal touch approach was developed recently 
by Miller and coworkers [37, 39-41]. Un- 
like the previous authors, Miller used a 
gold electrode coated with a monolayer of 
long alkyl chain molecules, typically oc- 
tadecane thiols. The HT step led to the 
formation of a lipid bilayer structure at 
the metal/solution interface in which the 
bottom half of the bilayer constituted a 
Langmuir film on the water surface. Sev- 
eral different variations of this general 
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scheme were developed and used for 
different purposes. In their first paper. 
Steel and Miller used a rotating cylinder 
gold electrode with its cylindrical surface 
modified with an octadecane thiol mono- 
layer [39]. The radius and the length of the 
cylinder were 3.63 and 0.10 cm, respec- 
tively. The electrode was positioned with 
the cylinder’s axis oriented parallel to the 
water surface, and with a constant segment 
of the cylindrical surface contacting the 
Langmuir monolayer coated water surface. 
The cylinder was rotated 0.7 rev/min. In 
this position, at the electrode/air/solution 
triple line associated with the instroke, 
the rotation of the cylinder resulted in 
the monolayer transfer onto the section of 
the cylindrical surface contacting the sub- 
phase. At the triple line associated with 
the outstroke, the bilayer assembly formed 
at the metal/solution interface delami- 
nated releasing the Langmuir monolayer. 
This intricate arrangement of the modi- 
fied cylindrical surface rotating against a 
Langmuir monolayer allowed the authors 
to continually measure the AC admittance 
of the metal/bilayer/solution interface as 
a function of the surface pressure of the 
Langmuir film. Admittance data were col- 
lected for 18 different compounds forming 
Langmuir films. The admittance - MM A 
isotherms correctly reflected the phase 
behavior, packing density, and subphase 
composition effects such as ion-inclusion 
and interactions with the monolayer films 
investigated by this new technique. 

In a different application of HT electro- 
chemistry involving an alkanethiol-coated 
working electrode. Miller and cowork- 
ers devised a way to measure the flow 
rate of a Langmuir monolayer along the 
metal -alkanethiol/ solution interface [37, 
40, 41]. In this experiment, an alkanethiol- 
coated gold electrode is initially touching 


a clean water surface. The experiment be- 
gins when an amphiphilic compound of in- 
terest is spread on the water surface to form 
a Langmuir film at a given surface pressure 
(see Fig. 3). AC admittance is used to fol- 
low the time-dependent interfacial capac- 
itance of the metal-alkanethiol/solution 
interface as the Langmuir monolayer flows 
into, or penetrates that interface to form 
a new interface featuring a bilayer assem- 
bly, metal-alkanethiol-monolayer/solution 
with a different interfacial capacitance. 
The plots of the capacitance versus time 
obtained for the oleic and stearic acid 
monolayers are shown in Fig. 4. Fluores- 
cence microscopy imaging was also used to 
follow the progress of the lateral monolayer 
flow into the metal/solution interface. To 
interpret the capacitance versus time tran- 
sients, the author defined a. flow parameter, 
FP [cm s -1 / 2 ]: 

FP = m ( — ^ (1) 

\Cfii - CsAM / 

where, m is the measured slope of the 
capacitance versus t 1 ^ 2 plots, w is the 
length of the monolayer flow path into 
the metal/solution interface and Cbi and 
Csam are the values of the capacitance of 
the bilayer assembly and of the alkanethiol 
monolayer, respectively [37]. The FP was 
shown to be a quantity characterizing the 
structure and dynamic properties of the 
two monolayer films involved in the flow 
experiments, as well as their dynamic in- 
teractions. It can be clearly seen in Fig. 4, 
that only liquid Langmuir films, such as 
oleic acid, are capable of laterally flowing 
into the gold-alkanethiol/water interface 
and exhibit measurable FP values. The 
FP s of different monolayer forming com- 
pounds were measured and shown to lin- 
early depend on the square root of the sur- 
face pressure of a Langmuir film (see inset 
in Fig. 4A). Numerous lipids with different 
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Fig. 3 Schematic depiction of the Langmuir trough apparatus and the 
positioning of the electrodes used in the lateral monolayer flow experiments. The 
inset shows the Au-coated glass slide working electrode modified with a 
self-assembled monolayer (SAM) of dodecanethiol. The working electrode is 
touching the air/water interface. A compound that forms a Langmuir monolayer is 
deposited on the water surface. It immediately spreads to cover the entire 
interface. Subsequently, the Langmuir film flows across the triple phase boundary 
into the SAM/water interface forming a bilayer. The lateral flow is completed when 
the entire electrode/solution interface is coated with a bilayer (from Ref. 37). 

structural features were investigated to de- documented by Lipkowski and cowork- 
velop correlations between FP and lipid ers [38]. Using in situ neutron reflectivity 
molecular structure [37, 41]. The effect of measurements, these authors showed that 
molecules and ions partitioning into the bi- in the limit of long time equilibration 
layer assembly was also discovered and in- (10-19 h), first a monolayer and then 
vestigated. This led the authors to develop a bilayer of Cjs-Py is formed on the 
a chemical sensor in which measurements gold/solution interface. The former in- 
of the FP were related to the concentration volved a change of orientation of the 
of H + , Ca 2+ , and Cd 2+ ions [40]. Cis-Py molecules as it crossed the triple 

In the independent investigations, a phase line of gas/liquid/metal to allow 
slow, surface pressure driven flow of 4- the pyridine head group to be oriented 
pentadecylpyridine (Cis-Py) monolayer toward the gold surface. The tail-to-tail 
from the air/water interface to the type bilayer is then formed. We also point 
gold (lll)/solution interface was also out that electrochemically induced surface 






218 7 Preparation of Monolayer Modified Electrodes 



Fig. 4 Lateral flow measurements of oleic and stearic acids at a 
1 -dodecanethiol modified gold electrode. Plots of the electrode 
capacitance versus time for a C 12 SH modified gold electrode prior to 
and after the application of excess oleic acid (filled circles) and stearic 
acid (open circles) to the air/water interface. Inset: the capacitance data 
for oleic acid are plotted versus the square root of time. The solid line is 
the best fit through the linear portion of the capacitance drop used to 
calculate the flow parameter (from Ref. 37). 

pressure gradients in Gibbs monolayers 
and the resulting monolayer flow phenom- 
ena (referred to as Marangoni effect) were 
investigated by Abbott and coworkers us- 
ing different methods [42-44]. 

1.5.3 

Two-dimensional Electrochemistry 

Unlike in the case of HT electrochemistry, 
where a planar electrode touches a large 


section of a Langmuir film on the 
water surface, two-dimensional, or 2D 
electrochemistry refers to the methodology 
in which a “line” microelectrode is 
placed in the plane of the air /water 
interface to probe the dynamics of lateral 
processes that are evolving in a Langmuir 
monolayer near the line microelectrode 
[45]. Thus, there is a direct analogy 
between 2D electrochemistry and classical 
electrochemical measurements. Just as 
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a generic planar electrode immersed in 
a solution of redox species has been 
used to electrochemically investigate 3D 
systems, the development of the line 
microelectrode created the opportunity to 
study lateral processes in Langmuir and 
Gibbs monolayer films at the air/water 
interface. 

While the range of problems that can 
be addressed using 2D electrochemistry is 
different from those investigated by the 
classical (3D) electrochemical methods, 
the 2D electrochemical techniques, cyclic 
voltammetry, chronoamperometry, and so 
on, are identical to those known and used 
to study 3D systems - except for the reduc- 
tion of dimensionality. The latter is a direct 
result of the “confinement” of a chemi- 
cal system to a quasi-2D Langmuir film 
[45]. Reduction of dimensionality can be 
accomplished by substituting the product 
of the bulk concentration of the electroac- 
tive reagent and the electrode surface area 
(C*A) appearing in many 3D electrochem- 
ical equations, by the product of the surface 
concentration of the electroactive species 
and the electrode length (V*l) to obtain the 
2D versions of those equations. Note that 
the units of C*A and F */ are the same, and 
thus this substitution does not change the 
units of the equation where this product 
appears. For example, the 2D version of 


the equation expressing the diffusion con- 
trolled peak current in cyclic voltammetry 
(the Randles-Sevcik equation) is: 

i p = 2.69.rl0 5 « 3/2 D 1/ V /2 r*/ (2) 

where D is the diffusion constant and v 
is the scan rate. When the length of a 
line microelectrode becomes short relative 
to the diffusion layer thickness, radial 
diffusion in 2D sets in. As demonstrated 
quantitatively by Charych and coworkers, 
in such cases, one must use cylindrical 
diffusion equations [46]. As shown in 
Fig. 5, the reduction of dimensionality 
eliminates the length dimension of the 
cylinder. It is also important to note that 
the diffusion constant defined by the Fick’s 
first law has the same units in 2D as in 3D. 

1.5. 3.1 Fabrication and Characterization of 
Line Microelectrodes 

The exact positioning of the line electrode 
in the plane of the air /water interface is of 
critical importance. It is accomplished by 
a self-positioning phenomenon involving 
a sharply defined gradient of wettability 
at the edge of a gold microband electrode. 
The drawings shown in Fig. 6 illustrate the 
fabrication procedure and the positioning 
of a microelectrode at the air/water in- 
terface. Figure 6(a) shows the pattern of 
the vapor-deposited gold film. It consists 


Fig. 5 A cartoon illustrating 
development of a hemi-cylindrical 
diffusion profile near a band 
microelectrode in 3D, and a 
hemi-circular diffusion profile near a line 
electrode in 2D experiments. The two 
types of diffusion processes are 
analogous. Reduction of dimensionality 
converts the product of the electrode 
length (/) and a reagent bulk 
concentration (C*) appearing in the 
cylindrical diffusion equations into the 
surface concentration (F*): C*l T* 
(see text and Ref. 46). 
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Fig. 6 Design of a line microelectrode and its positioning at the air/water interface, (a) The 
pattern of vapor-deposited gold on a glass substrate. The dotted line shows the fracture line of 
the glass slide creating two line electrodes, (b) A side view of one half of the original 
gold-coated glass slide and its positioning on the water surface. Prior to fracturing, the gold 
and glass surfaces were coated with monolayers of OM and OTS, respectively. For clarity, only 
the OM monolayer on the gold surface is shown, (c) A line electrode at the air/water interface. 


of two circular areas, later used as elec- 
trical contact pads, and a strip of gold 
(typically 500 pm in width) running be- 
tween them. The width of the gold strip 
can be varied from ^lpm to a few mil- 
limeters. It determines the length of the 
line microelectrode. Thoroughly cleaned, 
standard microscope glass slides (ca. 
10 x 30 mm 2 ) can be used. The detailed 
fabrication procedure of line electrodes can 
be found in the literature [46-49]. The ma- 
jor steps include the following: The glass 
slides are first chemically treated with 3- 
mercaptopropyltrimethoxysilane (MPS) to 
form a thin film that assures adhesion 
of the vapor-deposited gold layer via Au- 
thiol chemical bonding [50], and results 
in a substantially lower background cur- 
rent relative to a more commonly used 
thin Cr under layers. Following vapor de- 
position of ~100-nm thick gold film, a 
monolayer of octadecane mercaptan (OM) 


is self-assembled onto the gold surface. 
Subsequently, a monolayer of octadecyl- 
trichlorosilane (OTS) is formed on the 
glass surfaces of the gold-coated elec- 
trode substrates. These steps render all 
the surfaces of the gold-coated substrate 
hydrophobic (see Fig. 6b). The water con- 
tact angles on the treated gold and glass 
surfaces should be 110-115°. The next 
step creates two line electrodes: the gold- 
coated glass slide is fractured in half along 
a line perpendicular to the gold strip drawn 
with a diamond pencil on the side of the 
glass substrate not coated with gold. This 
exposes clean and therefore hydrophilic 
edge surfaces of the two halves of the slide. 
Each of the two halves can be positioned 
at the air/ water interface by touching the 
water surface with the clean, hydrophilic 
edge of the electrode substrate as shown 
in Fig. 6(c). The line of wettability formed 
spontaneously along the edge of the gold 
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microband, between the hydrophilic gold 
cross-sectional area and the hydrophobic 
(OM-coated) front face of the gold strip, 
functions as the line electrode. Thus, sim- 
ple wetting of the gold microband results 
in self-positioning of the line electrode 
in the plane of the water surface. The 
placement of the line electrode at the 
air /water interface should follow a mono- 
layer spreading and solvent evaporation. 
Depending on the purity of the water, 
of the spreading solvent and monolayer 
samples, as well as on the cleanliness 
of the entire Langmuir apparatus, stable 
performance of each line electrode at the 
air /water interface is reproducible for as 
long as 30-60 min. Inevitably, however, 
their performance begins to deteriorate 
due to adsorption of impurities. This 
process tends to be irreversible and the 
electrode must be discarded. Well-behaved 
line microelectrodes exhibit characteristics 
consistent with their nominal dimensions. 
Thus, charging current recorded with a 
500-urn long electrode on a 50-mM HNO3 
subphase in a 100 mV s~ x voltammetric 
scan is typically 10 pA [49]. The charge due 
to the underpotential deposited Pb ad-layer 
is also commensurate with the geometric 
cross-sectional area of the Au microband 
[48]- 

1.5. 3. 2 2D Electrochemical Investigations 
of Langmuir Monolayer Films 

The ability to place a line microelectrode in 
the plane of a monomolecular film at the 
air/water interface opened the possibility 
of investigating phenomena intrinsic to 
this class of chemical systems. While the 
list given in the following is perhaps 
not complete as the development of the 
2D electrochemical methods continues, it 
outlines the main areas of research and 
suggests some future directions. 


1 .5. 3. 2.1 Dynamics of the Lateral Diffusion 
of Surfactants on the Water Surface The 

lateral diffusion coefficients (D) of the elec- 
trochemically active amphiphiles can be 
readily measured using 2D chronoamper- 
ometry or voltammetry (see Eq. 2 given 
earlier and the related discussion). To this 
end, the Langmuir monolayer technique 
offers accurate and precise means of con- 
trolling the surface concentration of the 
surfactant [2, 7], the necessary parameters 
to interpret voltammetric current in terms 
of D. We point out that by generating 
a gradient of redox species in a Lang- 
muir monolayer, and monitoring current 
limited by the resulting lateral diffusion, 
the 2D electrochemical measurements 
are analogous to the fluorescence photo- 
recovery after photo-bleaching (FRAP) [4, 
5,51]. The latter has been used to probe lat- 
eral diffusion of the fluorescently labeled 
phospholipids in Langmuir monolayers 
[52] and in supported lipid bilayers and 
biological membranes [53]. 

Several amphiphilic derivatives of fer- 
rocene (Fc) [48, 54] and 2,2,6, 6-tetramethyl- 
1-piperidinyloxy free radical [25] were in- 
vestigated as a function of their surface 
concentration, the polarity of the group 
linking the redox moiety to the alkane 
chain, and the chain length. In all cases, 
the lateral diffusion constant was found to 
decrease with the increasing surface con- 
centration suggesting that the monolayer 
viscosity is an important parameter. This 
behavior results in linear plots of D ver- 
sus MMA, as shown in Fig. 7 featuring 
data for several Fc-dodecane amphiphiles 
with different polar groups [54]. We also 
learned from these results that the head 
group polarity is the second important pa- 
rameter. Those Fc derivatives with more 
polar groups such as amide diffuse slower 
than Fc ester derivatives carrying the least 
polar head group moiety in this group 
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Fig. 7 Structures of four ferrocene amphiphiles with different head group 
polarities and the corresponding plots of their lateral diffusion constants 
versus MMA obtained using 2D electrochemistry on the water surface (1 M 
HCIO 4 ) at 26 °C (from Ref. 54). 
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of compounds. The latter observation also 
suggests that surfactant’s polar group is 
at least partially immersed in the sub- 
phase, and that the immersion depth is 
yet another parameter influencing lateral 
mobility. The notion that the polar groups 
of surfactants are immersed in water was 
proven by observing a linear correlation 
of D values with the inverse of the sub- 
phase viscosity [54]. The latter was varied 
by adding glycerol, a surface inactive com- 
pound, to the subphase solutions. 

The surface concentration dependence 
of the lateral mobility of Fig. 7 was 
analyzed in terms of the free-volume 
theory of hard sphere liquids of Cohen 
and Turnbull [55, 56], as well as in view 
of the Enskog theory of dense gases [57] 
extended by Alder’s molecular dynamics 
calculations to liquid densities [58]. The 
latter approach was particularly successful. 
It revealed that the lateral diffusion 
constant of the Fc amphiphiles does follow 
the expected linear dependence on the 
relative free area, Af/Ao, where Af = A — 
Ao, A = MMA, and Ao is the molecular 
area of a surfactant molecule. It also 
revealed that the slope of this dependence 
which is expected to inversely depend on 
the molecular mass of a diffusing particle, 
was more than 3 orders of magnitude 
smaller [54]. Clearly, this discrepancy is 
due to the effect of the viscous drag of the 
polar head groups in water, a factor not 
included in the Enskog theory. 

Finally, the effect of the alkane chain 
length was also investigated in the Fc- 
amide series covering the range of 12 to 
16 carbon atoms (see Fig. 8) [54]. Counter 
intuitively, those Fc-amide derivatives with 
longer chain length exhibited slightly 
larger diffusivities. Similar observation 
was reported recently in the case of 
viologen surfactants [59]. To account for 
these results, we invoked the Saffman and 


Delbriick theory [60-62]. It concerns quasi 
2D diffusion of a cylinder-like particle of 
height, h, in a slab of the same height and 
a certain viscosity bounded by a medium 
of a different viscosity. The theory was 
developed to treat protein diffusion in 
lipid bilayers [60], but it was also used 
to analyze lipid diffusion in membranes 
[63]. Using this theoretical model, the 
anomalous chain length dependence of 
Fig. 8 was related to the modulation 
of the amide group immersion depth 
by chain-chain interactions. Specifically, 
our data analysis yielded the immersion 
depths of the Ci6-Fc-amide and Ci 2 -Fc- 
amide to be 4.0 A and 6.4 A, respectively. 
These values depended neither on the 
surface concentration of the Fc surfactants 
nor on the viscosity of subphase. This 
treatment of the experimental data also 
showed that over 90% of the viscous 
drag experienced by a surfactant molecule 
diffusing in a Langmuir monolayer is due 
to its immersion in the aqueous subphase, 
and only a small fraction originates in 
the monolayer’s hydrocarbon region. As 
expected, the former does decrease slightly 
with increasing MMA. 

The data discussed earlier concerned 
the lateral mobility in the liquid region 
of the Langmuir films spanning a range 
of MMAs ofca. 50-100 A 2 /molecule. Our 
inability to probe surfactants’ mobilities 
at lower surface concentration was related 
to the liquid/gas (L/G) phase transition, 
as discussed in Sect. 1.5. 3. 2. 2. A far more 
complete picture regarding surfactants lat- 
eral mobility was obtained for the 2, 2,6,6- 
tetramethyl-l-piperidinyloxy free radical 
(Tempo) derivatives, which are supercrit- 
ical fluids at room temperature and thus 
do not undergo a L/G phase transition [49, 
64, 65]. (See the structure of C u Tempo.) 

The discovery of the supercritical na- 
ture of the Tempo surfactants (see 
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Mean molecular area 
[A 2 /molecule] 

Fig. 8 Plots of the lateral D values of the ferrocene-amide derivatives 
(see structure D in Figure 7), Ci 6 Fc and C 12 FC vs. MMA measured on 
the 0.05 M HCIO 4 subphase containing (A) 0, (B) 20, and (C) 40 wt% 
glycerol. The viscosities of these solutions were 1.1, 1.9, and 3.7 cP, 
respectively (from Ref. 54). 



Sect. 1.5. 3. 2. 2) allowed us to measure their 
lateral mobility in a far broader range of 
surface concentrations, as shown in Fig. 9. 
This range is extended to MM As as high 
as 800 A 2 /molecule [25, 65]. 


Comparison of the data obtained for 
three different Tempo derivatives with 
the chain length ranging from Cs to Cys 
shows essentially no differences in the 
lateral mobility [25]. We concluded that 
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Mean molecular area 
[A 2 /molecule] 


Fig. 9 Plot of the lateral diffusion constants versus MMA of 
CgTempo (closed circles), C^Tempo (open circles), and 
CigTempo (open squares) (adapted from Ref. 25). 

their mobility is limited primarily by the of intermolecular collisions. In the limit 

viscous coupling of their polar fragments of very low surface concentrations, the 

to water, and their surface concentration, surfactant mobility appears to be limited 

but not by the chain-chain interactions, solely by the viscous coupling of the 

The increase of the D values with mean polar head group to the subphase. This 

molecular area of the surfactants in Fig. 9 suggests that the analysis of the lateral 

reflects the decreasing effective viscosity of diffusivities of surfactants with known and 

the monolayer in the head group region as shallow immersion depths can reveal the 

the concentration of the diffusing particles dynamic properties of the water liquid/gas 

decreases. This effect was observed in the interfacial region. 

Fc studies [54] and is consistent with the To this end, we have recently examined 
behavior of particle-fluid suspensions [66, the orientation of CisTempo on the wa- 

67]. We also point out that this result is ter surface using X-ray reflectivity [65]. 

not inconsistent with the ferrocene-amide As shown earlier, this water insoluble 

surfactant data of Fig. 8, since in that surfactant features two polar fragments 

case, a significantly higher concentration located on the opposite ends of the hy- 

range was investigated, and the effect drophobic piperidine ring, the nitroxide 
was related to the dependence of the (>N— O), and the amide that serves as 
surfactant’s immersion depth on the chain a linking group between Tempo and the 
length and not directly to the chain-chain alkane chain. Analysis of the various con- 
interactions. Finally, it is interesting to formations of this head group suggested 
point out the change of the slope of the that it is not possible for both the nitrox- 

D versus MMA plot in Fig. 9 at higher ide and amide groups to be immersed 

MMAs. This phenomenon is perhaps in water without also immersing a large 
related to the change in the dynamics fragment of the piperidine ring. The latter 
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Model 1 Model 2 



Fig. 10 Schematic representation of two different 
conformations of CisTempo at the air/water interface at 
52 A 2 /molecule. These were proposed assuming that either the 
amide group (Model 1) or the nitroxy group (Model 2) is 
hydrated. Within each model, the dotted line separates the 
molecule into two “boxes” with different numbers of electrons 
shown in the figure (see text; from Ref. 65). 

is likely energetically too costly. Thus, we containing a different number of electrons 
postulated that only one of the two polar (also shown in the figure). This allowed 
fragments is immersed. The detailed ac- us to simulate the X-ray reflectivity re- 
count of these measurements is beyond sponse and to compare the two models 
the scope of this review, and are presented with the experimental results. The com- 
elsewhere [65]. Briefly, we report here parison is shown in Fig. 11. It is clear 
on the X-ray reflectivity measurements at that Model 1, assuming immersion of the 
a single pressure of 21 mN m _1 (corre- amide group, offers a significantly bet- 
sponding to an MM A of 52 A 2 /molecule), ter agreement with the measurements as 
and present the key result that allowed quantitatively reflected in a much smaller 
us to distinguish between two opposing x 2 value (6.2 vs. 26.1). 
confirmations of CisTempo on the water Recently, we have also examined 2,2,6,6- 
surface. These are shown schematically in tetramethyl-l-piperidinyloxy, Tempo it- 
Fig. 10 where Model 1 assumes the dom- self, a weak, water-soluble surfactant [70]. 
inance of the amide group and Model 2 Our investigations suggested that, as it dif- 
assumes the dominance of the nitroxide fuses along the air/water interface, Tempo 
group as the polar fragment immersed in is coupled to the interfacial region via a 
the aqueous subphase. X-ray reflectivity is single water molecule hydrogen-bonded to 
a technique sensitive to the gradient of its oxygen atom. A large lateral diffusion 
the electron density in a molecular film constant of Tempo (1.5 x 10 -4 cm 2 s -1 ) 
at an interface [68, 69], Consequently, we indicated that the air/water interfacial re- 
deconstruct the two CisTempo conforma- gion is as much as four times less viscous 
tions of Fig. 10 into a stack of two boxes than the bulk water [70]. While this result 
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in 


Fig. n X-ray reflectivity data 
for CigTEMPO at 21 mN m _1 at 
21 °C (points with error bars). 
The solid and the dashed lines 
are fits to the data using the box 
models discussed in the text 
and shown in Figure 10 (from 
Ref. 65). 



<7z (A - 


is still somewhat preliminary, it gives the 
first direct experimental assessment of the 
dynamic nature of the aqueous interfacial 
region. Furthermore, these results illus- 
trate how 2D voltammetry of shallowly 
immersed surfactants can contribute to the 
investigations of this important interfacial 
system. 

1.5. 3. 2. 2 Measurements of the LE/C Phase 
Transitions and their Critical Temperature 

Characterization of the phase behavior of 
Langmuir monolayers, and particularly its 
relationship to the lipid’s molecular struc- 
ture, is of fundamental importance to the 
understanding of their behavior. Recent 
work involving monolayer X-ray diffrac- 
tion methods [71] and BAM [12, 13] led 
to a rapid progress in the structural char- 
acterization of ordered condensed phases 
of Langmuir films of numerous types 
of lipids. In comparison, the issues con- 
cerned with liquid, specifically liquid ex- 
panded (LE), and gaseous monolayer states 
and the related phase transitions and 
critical phenomena have not been system- 
atically studied. Johnson and coworkers 
reported recently that a line electrode resid- 
ing in the plane of the air /water interface 
is a sensitive sensor of the onset of an 
LE/G phase transition [64]. This sensing 


behavior is illustrated in Fig. 12, where 
sudden disappearance of cyclic voltammet- 
ric signal due to oxidation of a tetradecane 
ferroceneketone (C 14 FC) was observed dur- 
ing its monolayer expansion over just 
3 A 2 /molecule near LE/G phase transi- 
tion. The phenomenon is reversible upon 
monolayer recompression. This and later 
experiments carried out with the Tempo 
surfactants [49] showed that a line elec- 
trode functions as the monolayer gas 
phase nucleating site. This property, not 
unlike the well-known “boiling chip” phe- 
nomenon, apparently involves preferential 
wetting of the line electrode with the 
freshly nucleated bubble of the 2D gas 
phase and results in loss of electrochemi- 
cal signal. The latter is due to the fact that 
the amphiphile’s concentration in the gas 
phase is much smaller than that in the 
corresponding LE phase. Line electrodes 
were found to be very sensitive and re- 
producible sensors capable of indicating 
the position of the LE/G phase transition. 
Using this new 2D electrochemical capa- 
bility, Johnson and coworkers determined 
the position of the C 22 Tempo LE/G phase 
transition to be 98.5 ± 0.5 A 2 /molecule at 
23.5 °C [49]. Brewster angle microscopy 
was employed to verify this measurement. 
A set of BAM micrographs recorded near 
the LE/G transition of C 22 Tempo is shown 
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Fig. 12 A set of four consecutive 2-D 
voltammograms recorded during a slow 
expansion of a C 14 FC keton monolayer 
on a 50-mM HCIO 4 subphase. The 
mean molecular areas corresponding to 
the voltammogram 1 -4 are: 65, 66 , 67, 
and 68 A 2 /molecule, respectively. The 
i-E curves were recorded with a 500-|im 
line microelectrode at 0.2 V s -1 . The 
disappearance of the voltammetric 
signal at 66-67 A 2 /molecule is due to 
the onset of the LE/G phase transition 
(adapted from Ref. 64). 
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in Fig. 13. Indeed, careful observation of 
the texture of a Langmuir monolayer at 
each stage of its gradual expansion allows 
one to determine the position of the phase 
transition. However, in comparison with 
BAM, 2D electrochemistry was proven to 
be not only equally accurate but more pre- 
cise, reliable, and convenient. It is also free 
of false negative type measurements in- 
trinsic to the BAM observations. Johnson 
and coworkers also measured the critical 
temperature of C 2 oTempo to be 28 °C [49]. 
All shorter chain Tempo derivatives were 
found to be supercritical at temperatures 
down to 0 °C. The molecular origin of this 
rather unusual phenomenon was postu- 
lated to involve rotation of the Tempo head 
group leading to an increase of its cross- 
sectional area, and the resulting decrease 
of the chain -chain interactions [49], In 
other words, the ability of Tempo to change 
its orientation at the air /water interface 
during monolayer expansion results in the 
shortening of the effective length of its 
hydrocarbon chain and thus in a decrease 
of the cohesive van der Waals interactions 
normally associated with a LE/G phase 


transition. This hypothesis was supported 
by the surface potential measurements 
[49] and by recent X-ray reflectivity data 

[72]. 

1.5. 3. 2. 3 Kinetics of Electron Hopping in 
Langmuir Monolayers Rapid electron ex- 
change between adjacent molecules of 
different oxidation states in a Langmuir 
film is an alternative mechanism of the 
lateral, diffusive charge transport. Elec- 
tron hopping may proceed in parallel and 
compete with translational diffusion. For 
example, in the case of Fc surfactants, 
we showed that the ferrocene rate con- 
stant of self exchange is not high enough 
for the electron hopping process to com- 
pete with the observed surfactants lateral 
diffusion (see Sect. 1.5. 3. 2.1) even under 
the conditions of high surface concentra- 
tions, where the rate of the Fc translational 
diffusion is at a minimum, and where 
the electron hopping transport is most 
effective. Consequently, no increase of 
the voltammetric current due to transla- 
tional diffusion was observed rendering 
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characterization of the hopping process 
impossible [48], 

Electron hopping was unambiguously 
observed in solid monolayer films of os- 
mium tris-4, 7 -diphenyl- 1 , 1 0-phenan- 

throline perchlorate (Os(DPP) 3 ) [73-77]. 
Upon spreading of this large, nonam- 
phiphilic osmium complex on the wa- 
ter surface, Os(DPP )3 forms 2D solid 
aggregates that can be imaged by BAM 
(see Fig. 14). The onset of 2D voltam- 
metric activity coincides with the rise of 
the surface pressure during compression 
of the Os (DPP) 3 monolayer. Unlike in 
the cases of Fc [54] and Tempo surfac- 
tants [25], where 2D voltammetric current 
decreased with increasing surface con- 
centration in response to the increasing 
monolayer viscosity, the opposite effect of 
the monolayer compressing was observed 
in this case, as can be seen in Fig. 15 
[75]. This effect was conclusively related to 
the electron hopping percolation [78, 79]. 
Upon compression of the solid aggregates 
of Os(DPP) 3 , their mutual connectivity in- 
creases resulting in an increase of the 
extent of the electroactivity of the entire 
film. A quantitative agreement with 2D 
percolation theory was demonstrated by 
plotting the normalized apparent diffusion 
constant due to electron hopping obtained 
from the electrochemical measurements 
of Fig. 15 versus the fractional surface 
concentration of Os (DPP) 3 on the water 
surface. Three such plots, corresponding 
to the 2 D experiments carried out with the 
line electrodes of increasing length, are 


Fig. 13 Brewster angle micrographs of 
C 22 TEMPO monolayer recorded at 
(from top to bottom) 99, 105, and 
130 A 2 /molecule, on a 50-mM HNO 3 
subphase at 23.5 °C. The length of the 
horizontal edges of these images 
corresponds to 430 pm (from Ref. 49). 


shown in Fig. 16. It is interesting to note 
that when line electrodes with a length 
comparable to the aggregate size are used, 
on-off type behavior that deviates from the 
percolation theory is observed. Flowever, 
when the hopping dynamics is averaged 
over sufficiently large areas of this 2D sys- 
tem, by using line electrodes with lengths 








Fig. 14 Three Brewster angle microscopic images of Os(DPP )3 
monolayer on a 50-mM HCIO 4 subphase recorded at 360 A 2 /molecule 
showing typical shapes and sizes of 2D aggregates formed on the 
water surface upon spreading. The length of the vertical edges of these 
images corresponds to 730 mm (from Ref. 75). 

that are large compared to the average ag- 
gregate size, the system’s behavior reflects 
predictions of the 2D percolation theory 

[75]- 

In order to interpret the maximum 
value of the lateral diffusion constant 
in terms of the electron transfer-rate 
constant, we first carried out structural 


characterization of the Os(DPP )3 films by 
grazing incidence angle X-ray diffraction 
[71]. These measurements showed that 
the Os(DPP )3 forms a hexagonal lattice 
in the plane of the air /water interface. The 
lattice spacing of 10.89 A gave the Os— Os 
distance of 12.57 A [75]. It is interesting 
to compare the 2D crystal structure of 
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Fig. 15 A set of 2D cyclic voltammograms of Os(DPP )3 
monolayer at the air/water interface recorded concurrently 
with the monolayer compression. The CVs were recorded 
with a single 400-pm line microelectrode at a scan rate of 
0.2 V s _1 . Increasing current corresponds to decreasing 
mean molecular area of Os(DPP )3 from ca. 1 20 to 
90 A 2 /molecule (from Ref. 75). 


Os(DPP )3 with the isostructural Ru(DPP)3 
complex described in the literature [80]. 
In 3D, Ru(DPP )3 chloride crystallizes in 
a monoclinic space group P 2\/ c with 
the distances between nearest Ru— Ru 
neighbors range from 13.085 to 16.576 A. 
Thus, the 2D crystal structure features 
a higher symmetry unit cell and shorter 
(12.57 A) metal-metal spacing. 

With these data in hand, the maximum 
value of the electron hopping diffusion 
constant, D = 1.8 x 10 -6 cm 2 s -1 , can be 
interpreted to yield the unimolecular rate 
constant (k\) of electron transfer between 
adjacent Os(DPP)3 sites according to the 
following equation: 

D = ± hr 2 (3) 

This gives k\ = 4.7 x 10 8 s -1 [75]. The 
latter corresponds to the bimolecular rate 
constant of electron exchange k ex of 


2.8 x 10 8 M -1 s -1 . It was obtained rely- 
ing on the precursor complex model in 
which k ex is expressed as a product of k\ 
and K v , a precursor complex “equilibrium 
constant” [48, 81]. This assessment of the 
electron hopping kinetics involved an as- 
sumption of complete electroactivity of all 
Os (DPP) 3 sites in the Langmuir mono- 
layer. However, compression of the 2D 
aggregates imaged in Fig. 14 likely results 
in defects at the domain boundaries, which 
may make that assumption uncertain. 

A more accurate measurement of the 
electron hopping diffusion constant, and 
of the related k ex, that did not require 
the assumption of 100% electroactivity of 
the Os(DPP )3 film, was obtained with a 
novel 2D electrochemical technique rely- 
ing on a tandem of two collinear 40 pm 
long line microelectrodes spaced by 10 pm 
and acting as a generator probe and a 
collector probe. In this method, referred 
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Fig. 16 The plots of D app /D max 
vs. X(Os(DPP) 3 ) obtained on 
the basis of several series of 
cyclic voltammetric experiments 
as those in Figure 13 carried out 
with 0.4, 1 .0, and 6.0 mm long 
line microelectrodes (from 
Ref. 75). 




(c) x(OsDPP) 


to as 2D electrochemical time-of-flight 
(2D ETOF), one line electrode generated 
Os(DPP )3 (III+) species and the other, 
held at the reducing potential, monitored 
their diffusive arrival rate [77]. Naturally, 
the diffusion of Os(DPP )3 (III+) species 


physically involved electron hopping pro- 
cess. While the experimental details of 
2D ETOF are beyond the scope of this 
review, one important advantage of this 
method worth mentioning here is that it 
does not require surface concentration of 
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redox species as an input parameter to in- rate constant achieved a new constant 
terpret the experimental i—t transients, value forecasting a complete resolvation 
These experiments carried out by Wit- of the Os(DPP )3 molecules. The effect of 
tek and coworkers showed that only 73% five solvents on electron-transfer kinetics 
of all the Os(DPP )3 species are electro- was investigated. Addition of some sol- 
chemically active and participate in the vents such as acetonitrile resulted in an 
electron hopping process [77]. We ar- increase of the electron hopping kinet- 
gued that the remaining, nonactive sites ics. Other solvents such as benzonitrile 
are in the regions near grain boundaries had the opposite effect. Charych and 
of the 2D aggregates. This measurement coworkers analyzed these measurements 
allowed us then to recalculate the rate con- in terms of Marcus theory. This revealed 
stant of electron hopping. We obtained a good correlation between the nuclear 
k ex = 1.0 x 10 9 M -1 s -1 which is more frequency factor, extracted from the mea- 
than 1 order of magnitude higher than sured values of the electron-transfer rate 
a literature value obtained for Os(DPP) 3 constant and the inverse longitudinal re- 
(III+/II+) couple in an acetonitrile solu- laxation time of the solvents used in the 
tion [82], This rather substantial enhance- solvent exchange experiments [74], This 
ment of the electron-transfer kinetics in a correlation is consistent with a highly 
solid Os(DPP) 3 monolayer could be due to adiabatic character, or in other words, 
one or both of the following factors. (1) The a strong electronic coupling existing be- 
distances between the osmium centers and tween the Os(DPP )3 molecules in their 
a particular alignment of the DPP ligands 2D solid aggregates discussed by Wittek 
could result in a higher electronic coupling al- [77] . 
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1 . 6.1 

Introduction 

Electrochemical technologies make use 
of carbon electrode materials with differ- 
ent microstructures and properties, sp 2 
bonded carbon materials, like highly ori- 
ented pyrolytic graphite (HOPG), glassy 
carbon (GC), carbon fibers, activated car- 
bon powders, and carbon nanotubes, have 
been used for several decades in elec- 
troanalysis, energy storage and conver- 
sion devices, and chemical sensors [1], 
More recently, electrically conducting sp 3 
bonded carbon materials, such as dia- 
mond and tetrahedral amorphous carbon 
(Ta— C), have begun to be studied and em- 
ployed as electrochemical electrodes [2-5]. 
Faradaic electrochemical processes involve 
electron transfer across an electrified inter- 
face (electrode-electrolyte), and the redox 
reaction kinetics and mechanisms are of- 
ten strongly influenced by the physical 
structure and chemical properties of the 
electrode surface. The rich surface chem- 
istry of most carbon materials affords the 
possibility for chemical modification using 
a number of well-established strategies. 
Attention is often paid to an electrode’s 
surface chemistry for catalytic and mech- 
anistic purposes, and sensor applications 
[6-9]. Nowadays, carbon is also finding 
use in the emerging field of molecular 


electronics [10]. The carbon electrode sur- 
face chemistry can be quite variable from 
material to material and depends on the 
past history [ 1 1 - 1 6] . The surface chemistry 
plays a key role with carbon electrode func- 
tion, exerting a strong influence on the 
electric double-layer structure, molecular 
adsorption, and electrode reaction kinet- 
ics. The concept of chemically modified 
electrodes was, in part, born out of the elec- 
trochemist’s desire to control the chemical 
nature of the electrode surface so as to in- 
fluence the electrode reaction kinetics and 
mechanisms. 

sp 2 carbon electrodes have been exten- 
sively studied over the past four decades [1, 
11-16]. It has long been known that elec- 
trochemical reactions at carbon electrodes 
are dependent on the type of carbon, and 
how the material was handled and pre- 
pared for use. The relationship between 
the surface microstructure and chemistry, 
and the electrochemical properties of these 
materials has been thoroughly reviewed 
elsewhere [1, 11-16]. More recently, sp 3 
bonded carbon materials have begun to 
be investigated as electrodes because of 
their interesting and, in some cases, 
unique properties [2-5, 17-39]. Carbon 
electrodes, in general, offer a wide working 
potential window, good chemical stability 
in a variety of solvent systems, and renew- 
able properties via surface pretreatment. 

The relationship between the electro- 
chemical behavior of a carbon electrode 
and the material’s physical, chemical, and 
electronic properties is often difficult to 
unravel for at least three reasons. First, the 
electronic properties, surface microstruc- 
ture, and surface chemistry differ from 
carbon material to material. For instance, 
the properties of GC are vastly different 
from those of HOPG or boron-doped di- 
amond, even though all are carbon. Also, 
the properties of a particular type of carbon 
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from two different sources or sometimes [1-5, 12-15, 40]. The oxygen functional 
even from the same source can be quite group type and coverage depend on the 
variable. exposed carbon microstructure, the na- 

Second, the surface chemistry, mi- ture of any pretreatment applied, and the 
crostructure, and electronic properties can electrode’s past history, and are difficult 
influence the electrode reaction kinet- to control. The oxygen functional groups 
ics and mechanisms for redox systems influence the electrode polarity, wettabil- 
to differing extents [1-5, 12-15]. Good ity, molecular adsorption, and the electric 
electrical conductivity is essential for all double-layer structure. These functional 
electrodes, so the electronic properties af- groups exist mainly as a consequence of 
feet the electrode reaction kinetics of all the electrode being used and “activated” in 
redox systems. The surface chemistry, on air. There are also a large number of chemi- 
the other hand, can influence the kinetics cal and electrochemical treatments that in- 
and mechanisms for some redox systems troduce the functionality. Carbon-oxygen 
more than others. For example, surface functionalities can be both friend and foe. 
carbon-oxygen functionalities on sp 2 car- On one hand, specific functional groups 
bon electrodes increase the heterogeneous can be influential both kinetically and 
electron-transfer rate constant for aquo mechanistically for certain redox reactions. 
p e + 3 /+2 b u t exert little influence on the For instance, surface carbonyl functional 
rate constant for Ru(NH 3 ) 6 +3 / +2 [40]. It is groups on GC and HOPG are known 
important to note that if the goal is to un- to catalyze the Fe +3 / +2 redox reaction in 
derstand structure -function relationships 0.1 M HCIO 4 [41]. On the other hand, sur- 
at carbon electrodes, then there needs to face oxides are one of the main reasons 
be a judicious choice of redox systems to carbon electrodes can be rapidly deacti- 
probe this relationship with. vated by impurity adsorption, as these 

Third, many pretreatment methods have polar and sometimes charged functional 
been developed for “activating” carbon groups promote the strong adsorption of 
electrodes for electron transfer. Pretreat- polar molecules (e.g. contaminants). Sur- 
ments often affect more than one elec- face oxides, and the increased electrode 
trode property (e.g. surface chemistry and area that accompanies their formation on 
microstructure) making it difficult to eluci- sp 2 bonded carbon electrodes, generally 
date structure -function relationships. As lead to increased voltammetric and amper- 
a consequence of the variable nature of ometric background currents, increased 
pretreatments, carbon electrode surfaces noise, and reduced signal-to-background 
tend to vary greatly from laboratory to lab- ratios because some types are redox-active 
oratory and from day to day, complicating (quinones/hydroquinones) and some types 
one’s ability to relate the electrode surface are acidic and ionizable (e.g. carboxylic 
structure to the electrochemical response acids). The redox activity depends on the 
[ 1 , 5 , 12-16]. potential range and the ionization depends 

The factor that probably most compli- on the solution pH. Of the different sp 2 and 
cates the study of structure -function rela- sp 3 carbon electrode types, diamond is the 
tionships at carbon electrodes is the sur- most chemically inert, most structurally 
face chemistry, specifically, the variety of stable, and the only one that is inher- 
surface oxygen functional groups that can ently low in surface oxygen because of 
exist, particularly on sp 2 bonded materials the hydrogen-rich environments in which 
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the material is usually synthesized. As a 
consequence, the surface carbon atoms 
are terminated by strong covalent bonds 
with hydrogen prior to use. There are also 
some sp 2 carbon electrodes that are inher- 
ently low in surface oxygen, such as low 
defect HOPG, carbon nanotubes, and hy- 
drogenated glassy carbon (HGC) [42, 43]. 

Chemical modification is an approach 
for reducing the complexity of the carbon 
electrode surface chemistry. Modifying 
carbon electrode surfaces can make them 
more monofunctionalized, more repro- 
ducible in terms of their electrochemical 
properties, less susceptible to degradation 
because of surface oxidation reactions, 
and less prone to fouling by impurity 
adsorption. In general, modification en- 
ables the systematic investigation of how 
the surface chemistry influences electrode 
reaction kinetics and mechanisms. Mono- 
functionalizing a surface through covalent 
attachment of atoms and molecules affords 
a means to control the surface chemistry. 
New chemical modification strategies and 
improved spectroscopic probes of modi- 
fied surfaces have rejuvenated this field 
of research in recent years, which had its 
origins back in the 1970s ([6-9] and refer- 
ences therein). Some of the approaches 
employed over the years for modifying 
carbon electrodes include organosilane 
chemistry [6, 9]; the covalent attachment of 
quinone molecules [8]; the introduction of 
surface carbon-oxygen functional groups 
via plasma, chemical, and electrochemi- 
cal treatment [44]; and the deposition of 
various polymers [7]. One more recent 
modification strategy involves the cova- 
lent attachment of aryl groups during the 
electrochemical reduction of phenyl diazo- 
nium salts [45]. 

Some of the research trends with chem- 
ically modified sp 2 and sp 3 bonded carbon 
electrodes are reviewed in this chapter. 


This monograph is not a comprehensive 
review of the entire field of modified elec- 
trodes as it has existed for the past four 
decades, but rather summarizes some of 
the more recent progress. While the chem- 
ical modification of sp 2 carbon electrodes 
has been the subject of much study over 
the years, the modification of sp 3 carbon 
electrodes (diamond) is a new field of re- 
search that has emerged only during the 
past couple of years. Several strategies for 
altering the surface chemistry (i.e. remov- 
ing surface oxides) and covalently bonding 
molecules to both sp 2 and sp 3 bonded elec- 
trodes are discussed herein. One strategy 
that is extensively discussed herein is the 
electrochemically-assisted modification of 
carbon surfaces via the reduction of dia- 
zonium salts [45-55]. It should be noted 
that other chemical modification strate- 
gies, such as polymer deposition and the 
chemisorption of molecules, are impor- 
tant but not covered herein, nor are the 
vast number of modification methods for 
producing oxygen functionalities on the 
carbon surface. 

1 . 6.2 

Chemically Modified sp 2 Bonded Carbon 
Electrodes 

1.6. 2.1 Hydrogen-terminated Surfaces 

Glassy carbon or GC is one of the most 
widely used electrode materials in all 
of electrochemistry, particularly for elec- 
troanalytical measurements. GC surfaces 
prepared in air and/or used in aqueous 
environments have edge plane and defect 
sites that will be terminated with surface 
oxides of varying type and coverage [1]. As 
stated earlier, the heterogeneous distribu- 
tion of surface carbon-oxygen functional 
groups can be a cause for significant vari- 
ability in the electrochemical response 
and can lead to poor response stability. 
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Some of these oxides are redox-active 
(e.g. quinone/hydroquinone couple) and 
some are ionizable (e.g. carboxylic acid), 
both of which lead to pH -dependent 
changes in the voltammetric and amper- 
ometric background current over a wide 
potential range. Several approaches have 
been employed for removing surface ox- 
ides from sp 2 carbon electrodes including 
high vacuum heat treatment [56-58] and 
mechanical polishing in an anaerobic envi- 
ronment [13]. Hydrogen plasma treatment 
is another effective method for removing 
carbon-oxygen functional groups from 
HOPG, carbon fiber, and GC surfaces 
[42, 43]. HGC is prepared, for example, 
by exposing GC to a hydrogen microwave 
plasma or to hydrogen gas activated by 
passage over a heated metal (e.g. tungsten) 
filament. Atomic hydrogen, not molecular 
hydrogen, is the principal reactant that 
chemisorbs at the exposed edge plane 
sites and leads to the replacement of 
terminal oxygen functional groups [42]. 
This treatment is fundamentally different 
from vacuum heat treatment or mechani- 
cal polishing in an anaerobic environment 
because it not only removes the surface ox- 
ides but also stabilizes the surface carbon 
atoms by forming strong covalent C— H 
bonds. The hydrogenated surfaces are low 
in oxygen content (atomic O/C <0.02), 


as determined by X-ray photoelectron 
spectroscopy (XPS), and quite hydropho- 
bic with an initial water contact angle that 
is greater than 65°. In fact, the oxygen 
content remains low even during air expo- 
sure for weeks due to the stability of the 
C— H bonds [43]. On the basis of static 
secondary ion mass spectrometry (SIMS) 
results, it was proposed that the hydro- 
genated surface is actually composed of 
aliphatic hydrocarbon moieties (e.g. CH 3 , 
C 3 H 3 , C 2 H 5 , C 3 H 5 , etc.) rather than sim- 
ply hydrogen, as the chemisorption of 
atomic hydrogen not only replaces termi- 
nal oxygen groups but causes ring opening 
reactions that lead to the formation of sur- 
face hydrocarbon moieties [42]. Figure 1 
shows a proposed surface structure for 
HGC. 

HGC exhibits lower voltammetric back- 
ground current, comparable electrochem- 
ical activity for several redox systems, 
enhanced S/B ratios, and improved re- 
sponse stability compared with freshly 
polished (i.e. oxygenated) GC. Relatively 
rapid electrochemical reaction kinetics 
were observed for Fe(CN)6~ 3/,_4 and 
Ru(NH 3 ) 6 +3,/+2 , while slightly slower ki- 
netics were seen for dopamine and 4- 
methylcatechol. Very sluggish kinetics 
were found for Fe +3/,+2 . For example, 
apparent heterogeneous electron-transfer 
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Fig. 1 Proposed surface 
chemistry of hydrogenated 
glassy carbon [42], 
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rate constants, A,° a pp, of 0.01 to 0.03 cm s -1 
were reported for Fe(CN)6 -3 / -4 and 
Ru(NH 3 ) 6 +3 / +2 while slightly lower val- 
ues of ~5 x 10 -3 cm s _1 were observed 
for dopamine and 4-methylcatechol [42], 
Significantly lower rate constants of ~3 x 
10 -5 cm s _1 were seen for Fe +3/,+2 [42]. 
The low k° _ for Fe +3 / +2 was attributed to 

app 

the absence of mediating carbonyl func- 
tional groups on the FIGC surface [40, 41]. 
The voltammetric responses for all five re- 
dox analytes were extremely stable even 
after a 3-month period of air exposure. 
This reflects how resistive this hydropho- 
bic surface is to deactivation (fouling) via 
contaminant adsorption. Further evidence 
for the lack of molecular adsorption (polar 
molecules) was revealed from chrono- 
coulometric measurements performed 
with anthraquinone-2, 6-disulfonate (2,6- 
AQDS) [39]. AQDS strongly physisorbs at 
high coverages on the polar, oxygenated 
GC [39, 59]. However, negligible adsorp- 
tion was detected on HGC. The results 
demonstrate that hydrogenation is a suit- 
able modification method for producing 
stable, low-oxide GC surfaces. 

1.6. 2. 2 Surfaces Modified by Chemisorbed 
Molecules 

One strategy that has become popu- 
lar in recent years for controlling the 
chemistry of sp 2 carbon electrodes in- 
volves electrochemically-assisted derivati- 
zation. This field was recently reviewed 
by Downard [45], so only a brief syn- 
opsis is given herein. This relatively 
versatile chemical modification strategy 
involves either the oxidation or reduc- 
tion of a precursor molecule to form 
a solution radical species at the elec- 
trode-electrolyte interface. This radical 
species then rapidly reacts at the surface 
to form a covalently attached admolecule. 
A wide range of molecules have been 


covalently attached to sp 2 carbon surfaces 
in this manner including primary and sec- 
ondary amines, alcohols, and a variety of 
substituted phenyl diazonium salts (e.g. 
nitrophenyl, carboxyphenyl, alkylphenyl 
groups/molecules, etc.) [45]. For example, 
Barbier et al. described the modification of 
carbon fibers by the electrochemical oxida- 
tion of aliphatic polyamines (e.g. ethylene 
diamine) in nonaqueous medium [60]. The 
oxidation of the diamine leads to the gen- 
eration of a cation radical species in the 
vicinity of the electrode surface, which 
then covalently attaches to surface atoms. 
The grafting occurred during polariza- 
tion at 1.5 V vs. SCE in dry acetonitrile 
containing 0.1 M NBU 4 BF 4 . In another ex- 
ample, Deinhammer et al. modified GC 
surfaces using a variety of organic amines 
[61]. The method utilized the electrooxida- 
tion of amines to their analogous cation 
radicals in a nonaqueous medium. The 
radicals formed covalently attach to the 
electrode surface through the amine nitro- 
gen. Finally, in another example, Buttry 
and coworkers demonstrated that both 
thermal reactions and the electrochemi- 
cal oxidation of amines at carbon fibers in 
a non-aqueous medium lead to the cova- 
lent attachment of these molecules to the 
fiber surface, presumably via the nucle- 
ophilic attack of the amine at electrophilic 
C=C sites and subsequent formation of 
C— N bonds between the surface and the 
amine [62]. One reaction described in 
their manuscript was the attachment of 
2 -aminoanthraquinone during the polar- 
ization of the carbon fiber at 0.9 V vs. 
SCE in dry acetonitrile containing 0.1 M 
NaCl 04 . The general reaction scheme for 
this modification is shown in Fig. 2. 

Another type of electrochemically- 
assisted modification reaction that has 
become popular in recent years for 
controlling the surface chemistry of sp 2 
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Fig. 2 Covalent attachment of 
amine functional groups to the 
surface of carbon electrodes by 
the electrooxidation of amine 
precursor molecules in 
nonaqueous medium. 
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carbon electrodes (GC, carbon fiber, the 
edge and basal plane of HOPG and 
HGC) involves the reduction of substituted 
phenyldiazonium derivatives (R— N 2 + ). 
Some 20-plus molecules having been 
investigated so far [45-55]. The one- 
electron reduction of these derivatives in 
nonaqueous solvent/electrolyte produces a 
reactive substituted phenyl radical in the 
vicinity of the electrode that then binds 
to the surface. The reaction sequence is 
shown in Fig. 3. 

It has been shown that the binding is 
nonselective for the basal of edge plane 
sites of the sp 2 carbon electrode. The 
structure and thickness of the aryl adlayer 
depend on the electrolysis (modification) 
time, the applied potential, the type of 
carbon electrode material, the particular di- 
azonium derivative, and the solution con- 
centration of the derivative [48, 49]. Mono 
or multilayer films can form depending 
on the deposition time [46, 52]. The cou- 
pling reactions tend to be favored by both 


the adsorption of the diazonium prior to 
electrolysis and by the relatively positive 
reduction potential that prevents simulta- 
neous reduction of the aryl radical [48, 49]. 
Most often, the derivatization reaction is 
performed in a nonaqueous medium (e.g. 
CH 3 CN) but there have also been a few re- 
ports of the successful derivatization of sp 2 
carbon surfaces in acidic aqueous media 
[50, 63]. The derivatization reactions pro- 
ceed on both the basal and edge plane sites 
of HOPG, for example, but the reaction 
kinetics are much faster at the edge plane 
sites [48, 50, 52, 55]. As mentioned ear- 
lier, a multitude of substituted aryl groups 
have been attached to various carbon elec- 
trodes including phenyl, 4-nitrophenyl, 
4-carboxyphenyl, 4-alkylphenyl, biphenyl, 
and so on. A comprehensive list is given 
in the review by Downard [45]. These 
derivatized surfaces tend to be quite stable 
during storage in air, exposure to different 
solvents, ultras onication, and exposure to 
moderate temperatures. 



Electrode 


Fig. 3 Covalent attachment of functionalized aryl molecules to 
the surface of carbon electrodes by the electroreduction of 
phenyl diazonium salts in nonaqueous medium. 
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In the first report of this reaction 
chemistry, Delamar et al. showed that 
the electrochemical reduction of a 4- 
nitrophenyl diazonium salt in nonaqueous 
medium results in the covalent attach- 
ment of nitrophenyl groups on GC and 
HOPG electrode surfaces [46]. The au- 
thors estimated the adlayer surface cov- 
erage through the integration of the re- 
duction current for the nitro functional 
group and found that a closed packed 
monolayer was nearly achieved, T = 14 x 
10 -10 mol cm -2 . It was observed that the 
surface coverage can be controlled by ad- 
justing the concentration of the diazonium 
derivative in solution and the electrol- 
ysis (deposition) time. It was proposed 
that two factors favored the grafting reac- 
tion: (1) adsorption of the diazonium salt 
prior to its electroreduction and (2) the 
fact that the aryl radical is not reduced 
at the relatively low reduction potential of 
the diazonium salt. A detailed study of 
a number of diazonium derivatives was 
carried out with GC and HOPG by Al- 
longue et al. [49]. The above two works 
spawned the more recent efforts to use 
this versatile method to chemically modify 
a variety of carbon and noncarbon sur- 
faces [45, 47, 48, 50-55]. Notable work 
has been performed by the McCreery 
[10, 48, 51, 55], McDermott [52], Dow- 
nard [45, 63], and Belanger groups [50]. 
Important components of these works 
have been the characterization of the 
orientation of aryl adlayers by Raman 
spectroscopy [48, 51, 55], the morphol- 
ogy of mono and multilayer films by 
electrochemical atomic force microscopy 
(ECAFM) [52], and the role of the aryl 
adlayer on the electron-transfer kinetics 
for several solution-based redox systems 
[50, 55], 

Harnisch et al. described a new strat- 
egy for chemically modifying sp 2 carbon 


stationary phases for use in electrochem- 
ically modulated liquid chromatography 
[53]. They showed that GC and porous 
graphitic carbon (PGC) stationary phases 
can be modified with either 4-nitrophenyl 
diazonium or 4-hexylphenyl diazonium. 
The presence of the covalently attached ad- 
molecule was determined by XPS and by 
comparing the reversed-phase separation 
of a series of solutes. The main purposes 
for modifying the stationary phases were 
(1) to impart some degree of selectivity for 
the separation of different solute classes 
and (2) to improve the stability of the car- 
bon support during extended exposure to 
aggressive mobile phases. The utility of the 
modified stationary phases was assessed 
by the separation of substituted phenols 
and various pharmaceutical agents. 

As mentioned earlier, the grafting re- 
action tends to be nonselective for the 
oxygen-terminated edge plane and basal 
plane sites of the sp 2 carbon materi- 
als. The reaction also proceeds facilely 
on hydrogen-terminated edge plane sites 
as McCreery and coworkers have shown 
HGC surfaces can also be derivatized by 
the reduction of phenyl diazonium salts 
[43]. The reduction of nitrophenyl and (tri- 
fluoromethyl) phenyl diazonium ion in ace- 
tonitrile were carried out with the former 
and studied in greatest detail. On GC or 
graphite electrodes, the reduction of nitro- 
phenyl diazonium leads to the formation of 
a compact nitrophenyl monolayer, as con- 
firmed by XPS, Raman spectroscopy, and 
cyclic voltammetry. The cyclic voltammet- 
ric features during the derivatization reac- 
tion resembled those for polished GC. Ra- 
man spectra for the covalently attached ad- 
molecule were also similar at both surfaces 
exhibiting prominent peaks at 849, 1108, 
and 1177 cm -1 , which correspond to the 
NO 2 and phenyl C— H bending motions. 



7.6 Recent Trends in Chemically Modified sp ^ and sp * Bonded Carbon Electrodes 


1 .6.2.3 Effect of Surface Modification on 
the Electrochemical Properties 

There are a number of reasons for 
controlling the surface chemistry of car- 
bon materials including promoting the 
interfiber bonding in carbon fiber com- 
posites, inhibiting corrosion, controlling 
molecular adsorption, developing plat- 
forms for chemical and biological sens- 
ing, and improving the electrode reaction 
kinetics for a particular redox system 
(as examples [62, 64, 65]). Of particular 
importance to the electrochemist is an 
understanding what effect surface chem- 
istry has on the electrode reaction kinet- 
ics. sp 2 bonded carbon electrodes have 
a rich chemistry with a variety of car- 
bon-oxygen functionalities being present 
[64-66]. Characterization of the chemi- 
cal identity and local environment of the 
surface oxides has been undertaken by 
the McCreery group using several cre- 
ative synthetic approaches. For example, 
the group probed the presence of car- 
bonyl functional groups on HOPG and 
GC surfaces by the selective derivatization 
with dinitrophenylhydrazine (DNPH) [67]. 
DNPH is a specific reagent for ketone and 
aldehyde groups, which leads to a reso- 
nance Raman-active product with a large 
scattering cross section. The derivatiza- 
tion permits detection of carbonyl groups 
down to about 1% of a monolayer. The 
surface carbonyl functional group den- 
sity, as probed by this chemistry, was 
found to increase during electrochemical 
polarization. The effect of these functional 
groups on the GC electrode reaction kinet- 
ics for a number of aqueous-based redox 
systems (Fe(CN) 6 “ 3 /- 4 , Ru(NH 3 ) 6 +3 /+ 2 , 
IrCl6 -2 / -3 , Fe a q +3 / +2 , and V aq +3 / +2 ) was 
also investigated [67]. The kinetics of the 
aquated ions were found to be quite 
sensitive to the presence of these func- 
tional groups, while other redox systems 


were not nearly as affected. Specifically, 
chemical derivatization of the carbonyl 
groups (blocking these) decreased the 
electron-transfer rate for Fe +3 / +2 , for ex- 
ample, by 2-3 orders of magnitude, but 
had little effect on the rate constants for 
Ru(NH 3 ) 6 +3/+2 or IrCl 6 “ 2/ “ 3 . 

In other words, the group studied 
the electron-transfer kinetics for nine 
aqueous-based redox systems at GC sur- 
faces modified with reagents that react 
specifically with different oxygen func- 
tional groups [68]. The DNPH reaction 
was used to selectively derivatize car- 
bonyl groups while dinitrobenzoyl chlo- 
ride (DNBC) was used to selectively deriva- 
tize hydroxyl groups. Raman spectroscopy, 
XPS, and electrochemical methods were 
used to confirm the presence of the deriva- 
tizing agent, to determine the surface 
coverage and to assess the effect of func- 
tional group blockage on the kinetics. The 
authors categorized the different redox sys- 
tems according to their relative sensitivity 
to the GC electrode surface structure and 
chemistry. The specific adsorbers, DNBC 
and particularly DNPH, caused a sig- 
nificant decrease in the electron-transfer 
kinetics for Fe aq +3 / +2 , V a q +3/,+2 , and 
Eu a q +3 / +2 , but had less effect on the other 
redox systems. In a related work, the group 
used Raman spectroscopy to study how the 
surface coverage of carbonyl and hydroxyl 
functional groups on GC changes with 
pretreatment [68]. The DNPH (carbonyls) 
and DNBC (hydroxyls) reactants were used 
along with a new fluorescein mixed anhy- 
dride (FMA) reagent for selective binding 
with hydroxyl groups. The results revealed 
that FMA reacts selectively with the hy- 
droxyl groups and the FMA-surface adduct 
is a Raman-sensitive probe of the hydroxyl 
group coverage. The point that the sur- 
face oxide coverage on GC is sensitive 
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to both the initial conditions and subse- 
quent chemical treatment procedures was 
emphasized. 

Several groups have investigated how 
the electrochemical properties of GC are 
altered after being modified by the reduc- 
tion of diazonium salts [50, 54, 55]. For 
example, Belanger and coworkers inves- 
tigated the effect of 4-carboxyphenyl and 
4-nitrophenyl adlayers on the electrochem- 
ical response of GC for Fe(CN)6 -3// ~ 4 , 
Ru(NH 3 ) 6 +3,/+2 , hydroquinone, and fer- 
rocene [50]. Blocking properties were 
seen for the adlayers, the extent to 
which depended on electrostatic and elec- 
trolyte/solvent effects. Bath and coworkers 
studied the role of surface modification 
on the carbon fiber response for the cat- 
echolamine and dopamine [54]. The pur- 
pose for the work was to use chemical 
modification to reduce the electrode re- 
sponse time and increase the sensitivity 
for dopamine. Under physiological condi- 
tions, the sensitivity of a carbon fiber elec- 
trode for dopamine is strongly influenced 
by the extent of molecular adsorption with 
the response time being controlled by 
the adsorption and desorption kinetics. 
Through surface modification, the authors 
sought to gain better control of the surface 
chemistry and to make it more homo- 
geneous as compared to a native carbon 
fiber. The electrode surface was mod- 
ified by (1) physisorbed anthraquinone 
disulfonate and (2) chemisorbed 4- 
carboxyphenyl or catechols via diazonium 
salt reduction. Different behaviors were 
seen for the modified carbon fibers de- 
pending on the surface chemistry and the 
fiber micro structure. The strength of the 
interaction between the cationic dopamine 
(pH 7.4) and the anionic surface sites was 
found to dominate the electrochemical 
behavior. 


1 . 6.3 

Chemically Modified sp 3 Bonded Carbon 
Electrodes 

1 . 6 . 3.1 CVD Diamond Thin-film Growth 

Electrically conducting diamond is a new 
type of carbon electrode material that is 
finding more and more use in electro- 
chemistry. A brief discussion is given 
below of how the material is synthe- 
sized. Most often diamond is grown as 
a thin film on a conducting substrate 
like doped Si, Mo, W, or Ti. Diamond 
can be grown by one of several meth- 
ods: microwave plasma, hot-filament, or 
combustion flame-assisted chemical va- 
por deposition (CVD). The most common 
method is microwave plasma CVD. One 
reason for this is the commercial avail- 
ability of such reactor systems. While the 
mechanism of film growth differs slightly 
from method to method, all serve to acti- 
vate a carbonaceous source gas, producing 
a growth precursor in close proximity to 
the substrate surface [2]. A typical CVD 
reactor consists of the growth chamber 
and equipment associated with the par- 
ticular activation method (e.g. microwave 
power source), as well as various acces- 
sories, such as mass flow controllers for 
regulating the source gas flows, a throttle 
exhaust value and controller for regulating 
the system pressure, a pumping system, 
temperature measurement capability, and 
the gas handling system for supplying the 
source gases. A block diagram of a typical 
CVD system is shown in Fig. 4. 

In the case of microwave-assisted CVD, 
the microwave energy from the generator 
is directed to and focused within a 
quartz cavity, producing a spherically 
shaped, glow-discharge plasma directly 
above the substrate. The substrate can 
either be positioned outside of (few mm) 
or immersed within the intense discharge 
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(a) (b) 

Fig. 5 SEM images of (a) a boron-doped microcrystalline and (b) a boron-doped 
nanocrystalline diamond thin film grown on Si. 


region. The plasma is where the reactive The names for these two film types 
species involved in the diamond growth are arise from their nominal crystallite size 
formed. The key deposition parameters to and morphology. Figure 5 shows scan- 
control are the source gas composition, ning electron microscopy (SEM) images 
microwave power, system pressure, and of the two types of boron-doped diamond 
substrate temperature. thin film deposited on Si. High quality 

There are two types of synthetic di- microcrystalline diamond films are de- 
amond thin film routinely produced: posited from CH 4 /H 2 source gas mixtures 
microcrystalline and nanocrystalline [2]. with volumetric ratios of 0.3 to 1.0%, 
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microwave powers of 0.8-1 kW, pressures 
of 35-65 torr, and substrate temperatures 
of 700-850 °C. Under these conditions, 
CH3. is the primary growth precursor. The 
added hydrogen serves several key func- 
tions: (1) abstraction of hydrogen from 
chemisorbed methyl substituents on the 
growing film surface to produce active 
sites for carbon addition, (2) passivation 
of dangling bonds on the surface to min- 
imize reconstruction from sp 3 to sp 2 
bonding, and (3) rapid gasification of any 
sp 2 bonded, nondiamond carbon impurity 
that forms on the growing surface. As can 
be seen from the image, microcrystalline 
films are well faceted, polycrystalline dia- 
mond with crystallite sizes on the order of 
a few micrometers, or greater, in lateral 
dimension. The individual crystallites are 
randomly oriented and there is significant 
twinning. A grain boundary is present at 
the junction between two or more crys- 
tallites, which has structural, chemical, 
and electronic properties that are different 
from the grains. 

High quality nanocrystalline diamond 
films are deposited from CH4/Ar source 
gas mixtures using a volumetric ratio of 0.5 
to 1.0% with little or no added hydrogen, 
microwave powers of 0.8-1 kW, pressures 
of 130-160 torr, and substrate tempera- 
tures of 700-850 °C. Gruen and coworkers 
discovered that phase-pure nanocrystalline 
diamond can be grown from CH4/Ar gas 
mixtures with very little or no added hy- 
drogen [69, 77, 78]. The most remarkable 
difference in films grown using hydrogen- 
poor Ar gas mixtures, compared with 
those grown from conventional hydrogen- 
rich mixtures, is the nanocrystallinity and 
smoothness (rms roughness ~10-30nm 
over large areas) of the former, as can 
be seen in the SEM image. Noble or inert 
gas addition to hydrogen-rich plasmas (e.g. 
0.5%CH4/H2) enhances the growth rate of 


films by increasing the CH3* and atomic 
hydrogen concentrations in the plasma. 
The low excitation energy of inert gases, 
like Ar or Xe, results in a plasma dis- 
charge with a higher electron density, and 
this leads to the higher levels of CH3. 
and H.. There is a fundamental change 
in the plasma chemistry, growth mech- 
anism, growth rate, and film properties 
as one transitions from a hydrogen-rich 
to a hydrogen-poor plasma. In particu- 
lar, hydrogen-poor plasmas have a high 
concentration of carbon dimer, C2, which 
serves as both the primary growth and 
nucleation species [79, 80]. The nanocrys- 
tallinity is the result of a growth and 
nucleation mechanism involving the in- 
sertion of C2 into surface C— H bonds. 
Apparently, during growth, there is suffi- 
cient hydrogen from the CH4 to minimize 
surface reconstruction to an sp 2 bonded 
phase. The C2 addition is believed to occur 
by a two-step growth mechanism [69-79], 
A C2 molecule approaches the unrecon- 
structed monohydride surface and inserts 
into a C— H bond. The C2 molecule then 
rotates to insert its other carbon into a 
neighboring C— H bond on the surface. A 
C2 molecule then inserts into an adjacent 
C— H bond, parallel to the newly inserted 
C2 dimer. The original state of the surface 
is recovered by the formation of a bond be- 
tween carbon atoms in the adjacent surface 
dimers. Very high rates of heterogeneous 
renucleation are observed on the order of 
10 10 cm -2 , and the resulting films consist 
of randomly oriented, phase-pure grains 
of diamond with well-delineated grain 
boundaries [69-79]. Nanocrystalline films 
produced in Ar-rich plasma possess a very 
fine, uniform grain size (3-5 nm is typ- 
ical for high quality ultrananocrystalline 
diamond) and a small but nonnegligible 
amount of sp 2 bonded carbon at the abrupt 
grain boundaries [69, 78, 79]. 
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The instantaneous rate of nucleation precision and stability due to the stable sur- 
during diamond growth on untreated, face morphology and microstructure, even 
smooth nondiamond substrates is gener- during high current density (0.5 A cm -2 ) 
ally low. Therefore, substrate pretreatment electrolysis, (4) relatively rapid electrode 
is a prerequisite for deposition. A com- reaction kinetics {k°^ 0.02-0.2 cm s -1 ) 
mon substrate preparation involves either for several aqueous-based redox ana- 
mechanical polishing with small diameter lytes without any conventional pretreat- 
diamond powder (0.01-1 pm diameter), ment (e.g. Fe(CN) 6 -3/-4 ), and (5) weak 
or ultrasonication in a diamond pow- adsorption of polar molecules, like 2,6- 
der/solvent suspension. For example, with anthraquinonedisulfonate, rendering the 
the latter, the diamond powder can be material resistant to fouling and passiva- 
suspended in ethanol and the sonica- tion [25, 29, 39]. Electrical conductivity 
tion is performed in this medium. Either (typically 100-1000 £2 _1 cm -1 ) is intro- 
pretreatment results in the formation of duced by doping with impurities, such as 
scratches and other defects, as well as boron. Boron-doping levels for highly con- 
the dispersion of some diamond particles ductive films are normally in the range 
over the surface. Most pretreatments also 0 f io 19 to 10 20 B cm -3 . Typical carrier 
involve subsequent substrate washing to concentrations (holes) in the more highly 
remove polishing debris and clusters of di- doped films range from 10 18 to 10 2 ° cm' 3 
amond particles. Ultrasonic cleaning in or- with carrier mobilities varying from 0.1 
ganic solvents (isopropanol, acetone, and to 100 cm 2 V s“\ depending on the film 
methanol) is common practice. Enhance- microstructure and morphology, 
ment of the instantaneous heterogeneous Most of the work, so far, with diamond 
nucleation density results from both the electrodes, has involved electroanalytical 
physical defects introduced and the highly measurements using films with a hydro- 
dispersed diamond seed particles. g en sur f a ce termination. The heteroge- 

neous electron-transfer rate constants for 
1.6. 3. 2 Surface Termination several aqueous redox systems have been 

Electrically conductive diamond electrodes measured at good quality, boron-doped, 
possess several properties that clearly dis- polycrystalline, hydrogen-terminated elec- 
tinguish them from conventional sp 2 car- trodes [2-5, 21], In general, the lowest level 
bon electrodes, like GC, and make them of absorption, the largest heterogeneous 
attractive for electrochemical use [2-5, electron-transfer rate constant for several 
21]: (1) background current densities ap- aqueous redox analytes, and the most 
proximately 5 -10 times lower than freshly reproducible electrochemical response is 
polished GC leading to enhanced S /B ra- observed for the hydrogen-terminated sur- 
tios, (2) a working potential window of face [2-5, 21]. Figure 6 shows the structure 
3-4 V in aqueous media, which is over of the hydrogen-terminated surface. The 
1 V wider than GC, (3) superb response carbon atoms are covalently bonded to 


Fig. 6 A schematic 
representation of the 
hydrogen-terminated diamond 
surface. 
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one another through sp 3 hybridized bonds. 
The figure shows that each surface carbon 
atom is monofunctionalized with hydro- 
gen. In fact, some of the surface atoms 
maybe terminated with methyl groups. 

In addition to electroanalysis, diamond 
has recently attracted attention as a semi- 
conductor for chemical sensing due to its 
large potential window for water stabil- 
ity, chemical inertness, and absence of 
in-diffusion of ions [80-85]. Of special in- 
terest is the hydrogen-terminated diamond 
surface, which occurs after CVD growth 
or special postgrowth hydrogen plasma 
treatment. It has been found that there 
is a hydrogen-induced surface conductiv- 
ity that can be controlled by adsorption of 
a number of reducing or oxidizing gases 
[80-83]. As a consequence of this some- 
what unique electrical property, several 
device concepts based on a H-terminated 
diamond surface have been developed for 
gas sensors and ion-selective field-effect 
transistors (FET’s) [84, 85]. Seminal work 
has been performed by Ristein, Kohn, 
and their coworkers on understanding the 
conduction mechanism [80-83], and by 
Kawarada and his coworkers on the FET 
sensors [84, 85]. 

The hydrogen surface termination of 
diamond can easily be altered with two 
common functional groups, namely, flu- 
orine and oxygen. There are a couple of 
reasons for the interest in changing the 
surface termination: (1) understanding the 
manner in which the terminal atom af- 
fects adsorption, corrosion (oxidation) and 
electrochemical kinetics, and (2) designing 
“slippery,” low friction surfaces that can 
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be exposed to a wide range of temperatures 
and conditions. Something that is unique 
about diamond as compared to sp 2 carbon 
electrodes is the fact that the chemi- 
cal changes are confined to the surface. 
There is usually no degradation of the mi- 
crostructure during treatment, something 
that often happens with sp 2 carbon materi- 
als and leads to the progressive formation 
of new reaction sites for chemisorption. 

Exposure of hydrogen-terminated di- 
amond surfaces to activated fluorine- 
containing gases, like HF, F2, or CF4, 
leads to fluorine substitution [86]. Figure 7 
shows a schematic representation of a 
fluorine-terminated surface. 

Activation of these gases, for example, 
by microwave-assisted plasma CVD, pro- 
duces reactive atomic fluorine. Freedman 
exposed diamond (111) and (100) surfaces 
to beams of atomic fluorine and chlo- 
rine in the UHV. The fluorinated surfaces 
were characterized by XPS, temperature 
programmed desorption, and low-energy 
electron diffraction [86]. Fluorine adds to 
both surfaces to form carbon monofluo- 
ride species, reaching a saturation cover- 
age of ca. 0.75 monolayer at 300 K. The rate 
of chemisorption was found to depend on 
the diamond crystallographic orientation 
with the difference in behavior being as- 
cribed to variations in bonding geometry, 
which leads to steric hindrance on the (100) 
surface. Atomic fluorine appears to func- 
tion much like atomic hydrogen in terms of 
its ability to abstract surface hydrogen pro- 
ducing reactive sites for diamond growth 
[86]. The larger chlorine atoms were found 
to weakly chemisorb on the diamond (100) 


Fig. 7 Schematic 
representation of a 
fluorine-terminated diamond 
surface. 
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surface at a saturation surface coverage of 
ca. 0.5 monolayer at 300 K. Unlike the flu- 
orinated surface, the chlorinated surface 
is unstable when exposed to aqueous en- 
vironments; therefore, it has no practical 
use as an electrode modification method. 

Several other approaches have been used 
to fluorinate undoped polycrystalline di- 
amond thin films, single crystals, and 
powders [87, 88]. These highly resis- 
tive materials are not practical for use 
as electrodes; nevertheless, the surface 
treatments are worth mentioning because 
they could be applied to conductive dia- 
mond materials. For example, Yates and 
coworkers used X-ray irradiation to modify 
undoped diamond single crystal surfaces 
with perfluoroalkyl iodide (C4F9— I) radi- 
cals [87]. The modified surfaces were thor- 
oughly characterized by XPS. In their ap- 
proach, which is shown in Fig. 8, C4F9— I 
molecules were first dosed onto a clean 
diamond (100) surface in the UHV at 
120 K. The surface was initially cleaned 
by UHV heat treatment at 1450 K, a pro- 
cess that removes impurities as well as 
the chemisorbed hydrogen atoms termi- 
nating the surface. The coated surface 
was then irradiated with X-ray radiation 
to produce fluoroalkyl radical species that 
covalently bind to the diamond surface. 
The X-ray radiation dissociates the C— I 


bond producing perfluorinated alkyl rad- 
icals for attachment. The irradiation was 
performed at 120 K and this was followed 
by gentle heating to 300 K in order to 
desorb the unreacted C4F9— I molecules. 
The modified surface was then heated up 
to 900 K to decompose the surface C4F9 
groups producing a surface largely ter- 
minated by fluorine atoms. The XPS F/C 
atomic ratio was 0.6 after decomposition of 
the attached C4F9 species. The fluorinated 
surface was stable up to 1500 I< at which 
point the chemisorbed fluorine atoms be- 
gin to desorb. This fluorination was shown 
to occur on both bare (desorbed surface 
hydrogen) and deuterium-terminated sur- 
faces. 

From an electrochemical point of view, 
one might speculate that a fluorine surface 
termination would render the diamond 
electrode surface more resistant to oxi- 
dation and perhaps even less susceptible 
to adsorption (e.g. Teflon-like surface). 
Angus and coworkers fluorinated boron- 
doped, polycrystalline diamond electrodes 
by exposure to a CF4 radio frequency 
plasma [88]. This is the only example, to the 
best of our knowledge, of an electrochem- 
ical study of an F-terminated diamond 
electrode. The XPS F/C atomic ratio was in 
the range of 0.16 to 0.18 after plasma treat- 
ment. The first voltammetric scan out to 
2.5 V vs. SHE in 0.5 M H2SO4 produced 
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Fig. 8 Reaction sequence for modifying diamond surfaces with 
fluorine atoms using perfluoroalkyl iodide and X-ray radiation. 
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two anodic peaks at approximately + 1.6 
and +2.2 V. The onset potential for oxy- 
gen evolution was also shifted in a slightly 
more positive direction from the value 
observed for the hydrogen-terminated sur- 
face. However, after the first scan, the 
onset potential for oxygen evolution shifted 
back negatively to its original value and 
the charge associated with the oxida- 
tion processes disappeared. Oxygen was 
incorporated into the surface during cy- 
cling as the F/C atomic ratio decreased 
to approximately 0.03 while the O/C ra- 
tio increased to approximately 0.11. This 
indicates that C— F surface bonds are bro- 
ken and new C— O bonds are formed 
in this potential range. Most interesting 
is the fact that the redox charge (ca. 
+1.83 V vs. SHE) associated with elec- 
troactive sp 2 carbon impurities, presum- 
ably located at the intercrystalline grain 
boundaries, was eliminated after plasma 
treatment in CF 4 . The authors proposed 
that the two anodic peaks observed during 
the initial voltammetric scan toward pos- 
itive potentials are due to the oxidation 
of an adsorbed fluorocarbon polymeric 
layer that forms during plasma treatment. 
The fluorination treatment appears to be 
effective at removing sp 2 carbon impu- 
rities from the surface and/or inhibiting 
the oxidation of grain boundary carbon. 
However, the C— F bonds formed are 
susceptible to oxidation in this medium 
at potentials of approximately +2.0 V or 
greater. 

1.6. 3. 3 Oxygen-terminated Surfaces 

Oxygen surface functionalities can be in- 
troduced by chemical and or electrochem- 
ical oxidation of diamond electrodes. The 
XPS atomic O/C ratio increases from ap- 
proximately 0.01 to 0.15 after extensive 
electrochemical oxidation in HCIO 4 or 
H 2 SO 4 [40, 89, 90]. The types of oxygen 


functional groups formed have not been 
identified yet, but in related work, dif- 
fuse reflectance FTIR investigations of gas 
phase oxidized diamond powders revealed 
the formation of C— O— C and C=0 bonds 
after exposure to oxygen above 300 °C 
[91]. Martin and Morrison used IR dif- 
ference spectroscopy to identify C— OH 
and C— O— C functional groups on the 
diamond film surface after electrochem- 
ical oxidation [92]. A systematic study of 
how the anodic charge passed correlates 
with the surface oxygen coverage and, in 
turn, how the surface oxygen affects the 
electrochemical reaction kinetics for dif- 
ferent aqueous redox systems has been 
performed [40, 89, 90]. There is a progres- 
sive increase in the cyclic voltammetric 
AE p for Fe(CN)6 -3 / -4 and a positive shift 
in E° x for ascorbic acid with increasing sur- 
face oxygen coverage [40, 90]. Contrarily, 
the AEp for Ru(NH 3 ) 6 +3 / +2 is relatively 
unaffected by the surface oxygen at least for 
the surfaces polarized as they were in this 
work. The results demonstrate, in a quanti- 
tative way, that the electrochemical kinetics 
for Fe(CN)6 -3 / -4 and ascorbic acid are 
strongly inhibited by the presence of sur- 
face oxygen. The inhibitory effects of the 
oxygen can be removed by rehydrogenat- 
ing the surface in a hydrogen microwave 
plasma. After plasma treatment, AE p and 
E p ox for Fe(CN)6 -3 / -4 and ascorbic acid, 
respectively, return to their original values. 
This trend indicates that adventitious sp 2 
carbon impurity phases, which are gasi- 
fied during the plasma treatment, do not 
play a significant role in the electrochem- 
ical response of these materials, and that 
the most active response, at least for these 
three systems, is observed for the hydrogen 
surface termination. Work is still needed 
to identify the types of oxygen functional 
groups formed and to understand why they 
inhibit these two redox reactions. 
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1.6. 3. 4 Surfaces Modified by Chemisorbed 
Molecules 

Diamond surfaces can also be chemically 
modified by covalently attaching various 
molecules. In one of the first examples 
of a modified diamond electrode, Ohtani 
and coworkers attached pyridine to poly- 
crystalline, boron-doped diamond using a 
multistep procedure [93]. The first step 
involved treating the hydrogen-terminated 
diamond surface with CI2 under U V irradi- 
ation (>200 nm). This photolysis produced 
Cl radicals that attack the surface and re- 
place some of the surface hydrogen. The 
chlorinated surface was then exposed to 
boiling pyridine to produce a quarternary 
pyridinium salt modified surface with the 
linkage through the ring nitrogen. XPS 
revealed O/C and Cl/C atomic ratios for 
the chlorine-treated surface to be 0.10 and 
0.01, respectively. The low chlorine and 
high oxygen incorporation results from the 
reaction of the chlorinated surface with 
atmospheric oxygen, presumably during 
sample transfer. The N Is peak at ca. 
400 eV increased after exposure to boil- 
ing pyridine. Limited electrochemical data 
were reported; however, the authors did in- 
dicate that the atomic chlorine-treated sur- 
face exhibited very sluggish electrochem- 
ical reaction kinetics for Fe(CN)6 -3 / -4 as 
evidenced by a poorly defined waveform 
with a large peak separation. This was 
probably due to the presence of surface oxy- 
gen, which formed during the exposure of 
the chlorinated surface to the atmospheric 
as discussed earlier. 

Kim et al. investigated the low temper- 
ature photochemical attachment of per- 
fluorobutyl (C4F9I) moieties on undoped, 
hydrogen-free, and hydrogen-terminated, 
single crystal (110) diamond surfaces [94]. 
This is somewhat similar to the strat- 
egy developed by Yates and coworkers 
that was described earlier. The adlayer 


was studied using multiple internal re- 
flection infrared spectroscopy (MIRIRS). 
C4F9I physisorbed to form multilayers at 
90 K on both surface terminations. The 
physisorbed C4F9I desorbed when heated 
above 200 K regenerating the starting sur- 
face. The electronic structure and vibra- 
tional spectra of the perfluorobutyl group 
were calculated for perfluorobutyl chloride 
and bromide, and the MIRIRS of the ph- 
ysisorbed multilayer agreed well with cal- 
culated IR spectra. After exposing the mul- 
tilayer at 90 K to UV radiation (200 W Hg 
lamp) for 30 min and subsequent heating 
above 200 K, perfluorobutyl groups were 
covalently attached to the surface. The 
characteristic vibrational features of the at- 
tached perfluorobutyl group were observed 
between 1138 and 1355 cm -1 . A series of 
annealing experiments revealed that these 
modes persist even up to 600 K, but they 
completely disappear by 700 K. Similar 
results were found for both the hydrogen- 
terminated and hydrogen-free surfaces. 

Hamers and coworkers showed that un- 
doped diamond (001) surfaces undergo 
[2 + 2] cycloaddition reactions with a proto- 
typical alkene, cyclopentene [95]. The (001) 
surfaces of diamond, silicon, and germa- 
nium share a similar bonding motif in 
which pairs of atoms can bond to each 
other via a strong er bond and a weaker n 
bond forming a dimer. Normally, the for- 
mation of dimers on the diamond surface 
is prevented by hydrogen chemisorption; 
however, the diamond (001) surface was 
made reactive for the addition reaction by 
heat treatment in the UHV at 1375 K. At 
these temperatures, the surface is cleaned 
of impurities and surface hydrogen des- 
orbs. This leads to the formation of carbon 
atoms paired into C=C dimers with a par- 
tial 1 t bond [95]. This surface is essentially 
an extended array of alkene-like C=C 
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bonds, but with a distorted surface ge- 
ometry [95]. The reactive diamond surface 
was then exposed to cyclopentene vapor 
at 300 K in the UHV. A [2 + 2] cycloaddi- 
tion reaction occurred as the tt bond of an 
alkene adsorbate and the weak n bond of 
a surface dimer were broken and two new 
a bonds were formed linking the alkene to 
the surface through a four-member ring. 
UHV— FTIR (internal reflection mode) 
was used to study the sp 3 C— C and C— H 
bonding. The C— H absorption bands at 
2953 and 2880 cm -1 were used to confirm 
the presence of the chemisorbed cyclopen- 
tane groups. The admolecule was stable 
during UHV heat treatment up to 573 K. 

The Hamers’s group also reported on 
the attachment of functionalized organic 
molecules to polycrystalline diamond film 
surfaces via irradiation of hydrogen- 
terminated diamond covered with liquid 
films of an appropriately functionalized 
alkene [96]. The hydrogen-free surfaces 
react with unsaturated C=C bonds of or- 
ganic alkenes. The authors modified the 
diamond surface with (1) perfluorodecane 
(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-hepta- 
decafluoro-l-decene), (2) 1-fluorononane, 
and (3) the trifluoroethyl ester of to- 
undecenoic acid, the trifluoroacetamide- 
protected 10-aminodec-l-ene and the 
t-BOC-protected 10-aminodec-l-ene. All 
modified surfaces were characterized us- 
ing XPS, in particular, the F Is line at 
689 eV and the Cls region near 284 eV. 
The chemical functionalization was ac- 
complished by placing a small volume of 
the long-chain organic compound on the 
diamond film surface to form a thin liquid 
film, sealing the coated film in a reaction 
vessel with a quartz window, and irradiat- 
ing the film/liquid with UV light (254 nm) 
over a 2-h period. The results showed 
that the H -terminated diamond surface 
could be chemically modified through a 


UV-mediated reaction with functionalized 
alkenes. Some of these organic molecules 
contained amine and carboxylic acid func- 
tional groups that are good starting points 
for attachment of more complex molecules 
(e.g. DNA). 

Krysinski et al. reported on the covalent 
attachment of admolecules on diamond 
surfaces using a simple displacement re- 
action that begins with a hydrous oxide sur- 
face [97]. An optically transparent diamond 
thin film deposited on quartz was used as 
the substrate [26]. Figure 9 shows the mul- 
tistep reaction scheme devised by the au- 
thors. The first step involved introducing 
surface oxides on the hydrogen-terminated 
surface by exposure to Piranha solution 
(10 min, 40 °C). This oxidation treatment 
introduced carbon-oxygen functionalities, 
in particular, hydroxyl and carbonyl func- 
tional groups. The most important of these 
are the hydroxyl groups. The oxidized sur- 
face was then reacted with adipoyl chloride 
in dry acetonitrile under nitrogen with 
4-methylmorpholine acting as the Lewis 
base to produce an acid chloride sur- 
face. After rinsing with ethyl acetate and 
drying under a stream of nitrogen, the 
terminal acid chloride functionalized sur- 
face was then reacted with 1-aminopyrene. 
The covalent attachment of the pyrene 
through the amine group was observed 
to be relatively fast with a coverage lim- 
ited by the steric constraints imposed by 
the diamond surface structure or possibly 
by the bridging across two electrode sur- 
face sites by two COC1 terminal groups of 
the same adipoyl chloride molecule. The 
pyrene-modified surfaces were character- 
ized by electrochemical methods, IR reflec- 
tion-absorption spectroscopy, and time- 
resolved fluorescence measurements. The 
adlayer was stable to washing and immer- 
sion in organic solvents. The covalently 
bound adlayer was not as ordered as 
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Fig. 9 Reaction sequence for the covalent attachment of 1-aminopyrene to the 
surface of a diamond optically transparent electrode [97], 


an alkanethiol self-assembled monolayer 
(SAM) on Au, but exhibited more or- 
ganization than amorphous physisorbed 
adlayers. The surface coverage was deter- 
mined to be ~4 x 10 -12 mol cm -2 , which 
corresponds to ca. 0.5% of full monolayer 
coverage. 

Ida and coworkers reported on a new 
method for introducing carboxylic acid 
groups onto a diamond powder surface 
[98]. Hydrogenated diamond surfaces were 
treated in a solvent containing benzoyl 
peroxide and an alkane dicarboxylic acid. 
Surface characterization was performed by 
diffuse reflectance FTIR. The reaction se- 
quence follows a free radical substitution 
as listed below. Benzoyl peroxide decom- 
poses via the following reaction. 


c 6 h 5 -coo-ooc-c 6 h 5 

» C 6 H 5 -COO. + .OOC-C 6 H 5 

The covalent attachment of phenyl groups 
to the H-terminated diamond surface 
probably involves the following reaction 
steps. 

(diamond)— H + C 6 H 5 COO. 

> (diamond). + C 6 H 5 COOH 

HOOC-(CH 2 ) ; ,-COOH + C 6 H 5 COO. 

> HOOC-(CH 2 ), ,-coo. 

+ C 6 H 5 COOH 

(diamond). + HOOC-(CH 2 )„-COO. 

> (diamond)— OOC—(CH 2 )„ 

-COOH 
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(diamond). + C 6 H 5 COO. 

» diamond— OOC—C 6 H 5 

IR modes at 3072 cm -1 for the aro- 
matic C— H stretch, 1735 cm -1 for the 
C=0 groups of the carboxylic acid and 
aliphatic C— H stretches between 2750 and 
2950 cm -1 were monitored to confirm the 
presence of the attached molecules. The 
chemical state of the diamond surface 
is determined by the relative propor- 
tion of [— OOC— (CH 2 ) n “ COOH] versus 
[— OOC— C 6 H 5 ] sites. 

Chemical modification of diamond elec- 
trode surfaces has also been accomplished 
by the reduction of diazonium salts, as 
discussed previously. Kuo etal. showed 
that substituted phenyl groups can be co- 
valently attached to hydrogen-terminated, 
boron-doped diamond electrodes during 
the electrochemical reduction of substi- 
tuted phenyl diazonium salts in acetoni- 
trile (see Fig. 3) [51]. Diamond electrodes 
were modified with nitrophenyl, nitroa- 
zobenzene and trifluoromethyl phenyl ad- 
molecules, and all showed strong XPS sig- 
nals for surface nitrogen (N Is, ~402 eV) 


and/or fluorine (F Is, ~686 eV). All adlay- 
ers were stable during exposure to air and 
different organic solvents. Raman spec- 
troscopy was employed to interrogate the 
structure of chemisorbed nitroazobenzene 
on diamond and the spectral features were 
found to be similar to those observed for 
derivatized GC. Estimated surface cover- 
ages of 50-70% of a compact monolayer 
were achieved, on the basis of the XPS 
data. This coverage is too high to be 
attributed solely to modification of any 
adventitious sp 2 carbon impurity phase. 
The high coverage of covalently bound 
molecules, achievable by diazonium re- 
duction, indicates that a variety of surface 
functionalities can be introduced on the 
normally unreactive diamond surface. 

More recently, our group has been con- 
ducting detailed studies of the diazonium 
modification of diamond electrode sur- 
faces with two types of diamond being in- 
vestigated: microcrystalline and nanocrys- 
talline thin films. Figure 10 shows typical 
first-scan cyclic voltammograms for the 
reduction of 4-nitrophenyl diazonium in 
0.1 M TBACIO 4 /CH 3 CN. Curves for both 
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Fig. 10 First scan-cyclic voltammetric i— E curves for the reduction of 
4-nitrophenyl diazonium tetrafluoroborate at microcrystalline and nanocrystalline 
diamond thin-film electrodes. Scan rate = 100 mV s _1 . 
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diamond film types are shown. The po- 
tential was swept initially in the nega- 
tive direction from 600 to —600 mV at 
0.1 V s -1 . The cathodic current increases 
for both electrodes at 200 mV, reaching a 
maximum near —150 mV. The peak cur- 
rent for both electrodes is ca. 35 pA as the 
geometric area is the same for both. The 
cathodic current is associated with the le“ 
reduction of the diazonium to form a nitro- 
phenyl radical, as shown in the following. 
There is no anodic current during the re- 
verse sweep as the reaction is chemically 
irreversible. 

+ N 2 -C 6 H 4 -N 02 + e“ 

— > .c 6 h 4 -no 2 

Integration of the reduction peak current 
gives a charge density of 5.64(3=0.25) x 
10 -2 and 6.81 (±0.06) x 10 -2 C cm -2 for 
microcrystalline and nanocrystalline dia- 
mond, respectively. The results indicate 
that the response of both diamond types 
is similar and that the response for multi- 
ple electrodes is quite reproducible. These 
charge values correspond to 3. 55 (±0.16) x 
10 17 and 4.28(±0.04) x 10 17 radicals/cm 2 
produced. A radical formed at the elec- 
trode-solution interface can then react 
as a surface site to form a covalently 
attached admolecule according to the re- 
actions below. At least two radicals are 
needed for the surface modification. One 
is required to abstract hydrogen from the 
diamond surface creating an active site 


Fig. n Reaction mechanism 
for the electroreduction of the 
attached nitrophenyl 
admolecules. 


for radical coupling. The second radi- 
cal then forms a covalent bond with the 
surface. 

(diamond) — H ± .C 6 H 4 — NO 2 » 

(diamond). ± C 6 H 5 — NO 2 {abstraction} 

(diamond). ± .CfiH 4 — NO 2 » 

(diamond ) — C 6 H 4 — N O 2 { grafting } 

For both electrodes, the number of radicals 
produced is at least 2 orders of magnitude 
greater than what is needed to form a 
compact monolayer. Liu and McCreery re- 
ported the theoretical coverage for the case 
of close packing on a flat surface with the 
nitrophenyl molecule upright, 12 x 10 -10 
mol cm -2 or 7 x 10 14 molecules/cm 2 [48]. 
XPS (N Is signal) was used to confirm the 
presence of the nitrophenyl adlayer. 

The surface coverage of electrochemi- 
cally active nitrophenyl groups was also de- 
termined on the basis of the charge passed 
during the reduction of the nitro functional 
group. In nonaqueous medium, the reduc- 
tion of the attached nitro group involves the 
le“ reversible reduction to the anion radi- 
cal. The reaction is shown below in Fig. 11. 

The voltammetric reduction or oxida- 
tion charge can be used to calculate the 
number of electroactive molecules that 
are attached to the surface. Figure 12 
shows cyclic voltammetric i— E curves 
for the reduction of the bound nitro- 
phenyl groups at both types of modi- 
fied diamond electrodes. The curves were 
recorded in 0.1 M TBATFB in CH 3 CN 
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Fig. 12 Cyclic voltammetric i— E curves for the reduction of the nitrophenyl 
admolecules on the surface of microcrystalline and nanocrystalline diamond 
thin-film electrodes. Scan rate = 0.025 V s -1 . 


at 0.025 V s“. The cathodic current for 
the reduction begins at approximately 
—600 mV for both modified electrodes, 
reaching a maximum between —1100 and 
— 1200 mV. The peak current for both 
electrodes is in the range of 5-6 pA or 
ca. 27 pA cm -2 . The curve shapes were 
quite stable with cycle number and were 
recorded after extensive electrode wash- 
ing to remove unattached physisorbed 
molecules. On the basis of the oxidation 
peak charge, the surface coverage of elec- 
troactive molecules on both electrode types 
was calculated to be 1.1 x 10 -9 mol cm -2 
or 6.5 x 10 14 molecules/cm 2 . This value 
is very close to the theoretical monolayer 
coverage of 7 x 10 14 mol/cm 2 [48], and is 
in good agreement with the value reported 
by Wang and coworkers for ultrananocrys- 
talline diamond thin-film electrodes [99]. 
The results demonstrate that the diazo- 
nium chemistry is a viable method for 
chemically modifying diamond electrode 
surfaces and that the admolecules are in 
good electronic communication with the 
conducting electrode. 


The Hamers’ group has been particu- 
larly active and innovative in recent years 
with the chemical modification of dia- 
mond surfaces for biological applications 
[100]. Diamond appears to be a suit- 
able material for integrated sensing and 
signal processing because of its chemi- 
cal and electrical properties. The authors 
showed that nanocrystalline diamond thin 
films can be covalently modified with 
DNA oligonucleotides and that diamond 
surfaces provide a stable and selective 
platform for subsequent hybridization 
processes. A photochemical modification 
scheme was used to first modify a clean 
and hydrogen-terminated diamond sur- 
face. This step produced a homogeneous 
layer of amine groups that serve as sites 
for DNA attachment. After linking DNA to 
the amine groups, hybridization reactions 
with fluorescently tagged complementary 
and noncomplementary oligonucleotides 
showed no detectable nonspecific ad- 
sorption with extremely good selectivity 
between the matched and mismatched 
sequences. Comparison of DNA-modified 
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Fig. 13 Reaction steps in the DNA attachment to diamond thin-film surfaces 
[ 100 ], 


ultrananocrystalline diamond (produced 
from CH 4 /Ar mixtures) with other com- 
monly used surfaces for biological mod- 
ification, such as Au, GC, Si, and glass, 
showed that diamond is unique in its abil- 
ity to achieve very high stability and sen- 
sitivity while also being compatible with 
microelectronics processing technologies. 
The authors concluded that diamond 
might be the ideal substrate for integration 
of microelectronics with biological modi- 
fication and sensing. Figure 13 shows the 
reaction sequence. 

1.6. 3. 5 Effect of Surface Modification on 
the Electrochemical Properties 

So far, there has been minimal work re- 
ported on how the surface modification 
of diamond affects the electron-transfer 
and adsorption properties. The exception 
to this is some work on the effect of adding 


surface oxygen [40, 89, 90]. Our group 
has investigated the effect of modifying 
the surface of diamond electrodes with 
nitrophenyl admolecules via the aryldia- 
zonium reduction reaction. Using cyclic 
voltammetry and redox systems such as 
Fe(CN) 6 - 3 /- 4 , Ru(NH 3 ) 6 +3/+2 , catechol, 
methylcatechol, and tert- butylcatechol, the 
preliminary work indicates that the ni- 
trophenyl admolecules act as a blocking 
layer for some systems (Fe(CN)6 -3 / -4 and 
Ru(NH 3 )6 +3 / +2 ). Similar blocking layer 
effects have been reported by Wang and 
coworkers for nitrophenyl adlayers on ul- 
trananocrystalline diamond [99]. This may 
be due to the formation of multilayers 
[52]. On the other hand, the adlayer seems 
to exhibit little influence on the voltam- 
metric response for other redox systems 
(catechols). Much remains to be done in 
this area. 
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1.6.4 

Conclusions 

This chapter gives a brief overview of some 
of the recent trends in the area of chem- 
ically modified sp 2 and sp 3 bonded car- 
bon electrodes. Electrochemically-assisted 
modification of carbon electrode surfaces, 
both sp 2 and sp 3 types, is fairly well de- 
veloped. A variety of tools are available 
for characterizing modified electrode sur- 
faces. For example, SEM and AFM are used 
to probe the modified electrode surface to- 
pography, XPS is used to determine the 
surface chemical composition, and Raman 
spectroscopy is employed to examine the 
orientation and coverage of admolecules. 
The chemical modification of sp 2 carbon 
materials is quite a mature field; on the 
other hand, the chemical modification of 
sp 3 carbon materials is in its infancy. 
Electrically conducting diamond is an ad- 
vanced carbon electrode that meets the 
requirements for a wide range of applica- 
tions. Research has already shown that this 
material is superior to commonly used sp 2 
carbon electrodes (e.g. GC) in terms of sev- 
eral properties and in some of its function- 
ing in electrochemical applications. Much 
remains to be learned, however, about 
structure -function relationships at elec- 
trically conducting diamond electrodes. 
Research directed toward the development 
of chemistries useful for modifying the 
surface of sp 2 and sp 3 carbon materi- 
als will ultimately provide molecular of 
interactions at electrified interfaces. The 
fundamental knowledge gained from this 
research will enable a better understanding 
of structure -function relationships with 
these electrode materials. Clearly, one area 
of research with sp 3 bonded carbon (e.g. 
diamond) that will continue to evolve is 
the use of this material as a platform for 
chemical and biological sensing. 
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1.7.1 

Introduction 

This chapter describes the chemical mod- 
ification of various «-type transparent 
conducting oxide (TCO) electrode surfaces 
with different organic molecules, in which 
one end is a binding group, the other end 
is a terminal group with a different func- 
tionality (e.g. permanent dipole moment), 
and these two ends are linked by groups 
of alkyl chain and 7r-system. Studies for 
the formation of various organic monolay- 
ers with carboxylic and phosphonic acids 
as well as organosilanes on these ox- 
ide electrodes are reviewed and discussed 
comprehensively in this chapter. Several 
examples of organic chemical treatments 
used for surface modifications of «-type 
TCO electrodes are presented. In addition, 
useful descriptions of the most widely used 
preparative deposition techniques for thin 
films of TCO electrodes are presented (see 
Sect. 1.7.2). 

1.7.2 

Electrode Preparation 

1 .7.2.1 General: Transparent Conducting 
Oxide Films 

The first report of a transparent con- 
ducting oxide (TCO) was published in 
1907, when Badeker [1] reported that thin 
films of Cd metal deposited on glass in a 
glow-discharge chamber could be oxidized 
to become transparent while remaining 
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conducting. Since then, most researches 
have focused on «-type semiconductors 
consisting of metal (Sn 4+ , Ti 2+ , In 3+ , 
Zn 2+ , and Cd 2+ ) oxides and their corre- 
sponding alloys to develop highly transpar- 
ent and electrically conductive thin films. 

The early published material in this field 
up to about 1955 has been reviewed by 
Holland [2]. Major developments in this 
field as regards the deposition techniques 
of preparation, properties of TCO films 
and some applications until the mid-1980s 
have been summarized in several com- 
prehensive reviews [3-10]. More recent 
reviews of TCO films are available [11-16]. 

The principle constituents of «-type 
TCOs have been simple or binary oxides of 
Sn02, In203, ZnO, and CdO. Sb-doped 
Sn02, F-doped Sn02, Sn-doped In203, 
and F- or Al-doped ZnO have been the 
principle commercial TCO films in prac- 
tical use [13-15]. The most widely used 
TCO film is Sn-doped In203 (indium-tin 
oxide or ITO) due to its high conductivity, 
work function, and transparency in the vis- 
ible spectral range. Conductive ZnO films 
doped with an impurity have recently at- 
tracted much attention as an alternative 
candidate to ITO. Although ZnO films 
are nontoxicity, material abundance, low 
cost, and easily etchable, they are more 
chemically unstable than ITO films [17]. 

CdO is not often used as a TCO 
semiconductor because of its relatively 
low bandgap of about 2 eV resulting in 
excessive light absorption from about 
0.5 pm down into the ultraviolet [7]. Much 
better is cadmium stannate (Cd2Sn04) 
film [18], which has better transmission 
and lower resistivity than CdO. Ternary 
compounds such as Cd2Sn04, CdSn04, 
and Cdln204 were developed prior to 1980 
[8, 9, 18], but their TCO films have not yet 
been used widely. To obtain new «-type 
multicomponent TCO films using ternary 
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compounds, several approaches have been 
studied in recent years [15]. In addition 
to M-type TCO films, new p-type TCO 
materials such as CuA 1C>2 and SrCu 2 C >2 
have been reported recently [19-22], 

Titanium dioxide, TiC> 2 , is known to ex- 
ist in the amorphous form and in three 
crystalline modifications, rutile, anatase, 
and brookite. Thin films of TiC >2 have 
been shown to possess either a rutile or 
anatase structure depending upon their 
mode of deposition. Brookite is not a sta- 
ble modification and anatase is converted 
to rutile at high temperatures, 800-900 °C 
[2], TiC >2 is the most investigated system in 
the surface science of metal oxides. Recent 
progress in understanding the surface sci- 
ence of TiC >2 was reviewed extensively by 
Diebold [23], 

Original works and their useful de- 
scriptions of the most widely used depo- 
sition methods of preparation for TCO 
films have been discussed comprehen- 
sively in reviews [3-16, 23] and books 
[2, 24-30]. Several different techniques 
have been tried out to fabricate films of 
TCO electrodes. Thin-film deposition tech- 
niques are generally classified in two main 
groups: chemical methods (spray pyrolysis, 
chemical vapor deposition, sol-gel, chem- 
ical bath deposition, electroplating) and 
physical methods (evaporation, sputtering, 
reactive ion plating, pulsed laser deposi- 
tion). Some of the innovations [1, 31-63] 
in these deposition techniques for TCO 
thin films are listed in Table 1. After the 
cleaning methods of the substrate surfaces 
are discussed in briefly in Sect. 1.7. 2. 2, 
a brief account of numerous methods 
used for film deposition, particularly dur- 
ing the past years, in Sects. 1.7. 2. 3 and 
1.7. 2.4. Some early references are also cited 
wherever necessary. In addition, the char- 
acterization of TCO thin films is described 
in Sect. 1.7. 2. 5. 


1 . 7 . 2.2 Cleaning of Substrate Surfaces 

A number of techniques have been 
advocated for preparing highly clean sub- 
strate before depositing thin films on its 
surface by various deposition techniques. 
Depending on the deposition technique, 
the substrate can have a significant in- 
fluence on the properties of thin films. 
Glass substrates are most commonly used. 
The low temperature processes such as 
magnetron sputtering, ion beam sputter- 
ing, and reactive ion plating allow the 
deposition of oxide films also onto poly- 
mer substrates such as plastic, Mylar, and 
poly (ethylene-terephthalate) [9] . 

Surfaces exposed to the atmosphere are 
generally contaminated. Any unwanted 
material and/or energy on a surface 
are regarded as a contaminant. Surface 
contamination can be gaseous, liquid, or 
solid in its physical state and may be 
present as a film or in particulate form. 
Furthermore, it can be ionic or covalent 
and inorganic or organic in its chemical 
character. Most scientific and technical 
investigations and applications, however, 
require clean surfaces. 

The cleaning of surfaces is a very 
important and also a very difficult and 
delicate operation. There are number 
of diverse cleaning techniques used in 
various scientific and industrial cleaning 
problems [64]. Cleaned surfaces can be 
classified into two categories: atomically 
clean surfaces and technologically clean 
surfaces. Surfaces of the first category are 
required for special scientific purposes and 
these can be only realized in ultrahigh 
vacuum. 

A further distinction must be made 
between cleaning methods that are ap- 
plicable in the atmosphere and those that 
are applicable only in vacuum. In all cases 
where handling of the parts and the use 
of solvents is required, cleaning cannot 
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Tab. 1 History of processes for making n-type TCO thin 
films [1 , 31-63] 


Material 

Deposition technique 

References 

CdO 

Sputtered Cd films 

1 

S 11 O 2 

Postoxidation ofSn 

31 

Ti0 2 

Fuming of TiCfl 

32 

Sn0 2 :CI 

Spray pyrolysis 

33 

Ti0 2 

Postoxidation ofTi 

34 

ZnO 

Postoxidation ofZn 

35 

Sn0 2 :Sb 

Spray pyrolysis 

36 

ln 2 0 3 :CI 

Spray pyrolysis 

37 

Sn0 2 

Reactive sputtering 

38 

Sn0 2 :F 

Spray pyrolysis 

39 

ln 2 C> 3 :Sn 

Spray pyrolysis 

40 

ZnO 

Reactive sputtering 

41 

ln 2 0 3 

Reactive sputtering 

42 

ln 2 0 3 :Sn 

Reactive sputtering 

43 

ZnO 

Direct sputtering 

44 

Sn0 2 :Sb 

CVD 

45 

ZnO:AI 

Magnetron sputtering 

46 

Cd 2 Sn 04 

Direct sputtering 

47 

Cd 2 Sn 04 

Spray pyrolysis 

48 

ZnO:CI 

Spray pyrolysis 

49 

Sn0 2 :F 

CVD 

50 

ZnO:ln 

Spray pyrolysis 

51 

ZnO:B, Ga, In 

Magnetron sputtering 

52 

TiN 

CVD 

53 

ZnO:B 

CVD 

54 

ZnO:Ga 

Sputtering 

55 

ZnO:F 

CVD 

56 

ZnO:AI 

CVD 

57 

ZnO:Ga 

CVD 

58 

ZnO:ln 

CVD 

59 

Zn 2 Sn 04 

Magnetron sputtering 

60 

ZnSn0 3 

Magnetron sputtering 

61 

Cd 2 Sn 04 

Pulsed laser deposition 

62 

ZnO:AI 

Pulsed laser deposition 

63 


be performed in a vacuum. If cleaning in 
vacuum, for example, by heating opera- 
tions and particle bombardment is used, 
then this is generally conducted inside the 
deposition system [27]. 

1.7. 2. 2.1 Cleaning with Solvents In this 
process, various cleaning fluids are used. 
A distinction must be made between 
demineralized water or aqueous systems 


such as water with detergents, diluted acids 
or bases and nonaqueous solvents such as 
alcohols, ketones, petroleum fractions, and 
chlorinated or fluorinated hydrocarbons. 
Emulsions and solvent vapors are also 
used. The type of solvent used depends 
on the nature of the contaminants [64]. 
There are many reports on cleaning of 
glass by solvents; some examples are given 
in Refs. 2, 27, 64-67. 
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Rubbing and Immersion Cleaning Per- 
haps the simplest method of removing 
superficial dirt from glass is to rub the 
surface with cotton wool dipped in the 
mixture of precipitated chalk and alcohol 
or ammonia. There is evidence, however, 
that traces of chalk can be left behind on 
such surfaces so that after that treatment 
the parts must carefully be washed off in 
pure water or alcohol. This method is best 
suited as a precleaned operation, that is, as 
the first step in a cleaning sequence. 

A simple and often used cleaning 
technique is that of immersion or dip 
cleaning. The basic equipment employed 
in dip cleaning is easy to construct and 
inexpensive. An open tank of glass, plastic, 
or stainless steel is filled with a cleaning 
fluid and the glass parts, which are 
clamped with a pair of tweezers or are 
inserted in a special holder, are then 
dipped in the fluid. If the degree of 
cleaning is not sufficient, the operation 
can be repeated by further dipping in the 
same fluid or other cleaning fluids. 

In addition to physical cleaning, chem- 
ical reactions can be also exploited for 
cleaning purposes. Various acids with 
strengths ranging from weak to strong, 
as well as mixtures such as chromic and 
sulfuric acid are used. All acids, with the 
exception of hydrofluoric acid, must be 
used hot, that is, between 60 and 85 °C, to 
produce a clean glass surface. Acid clean- 
ing cannot be used for all types of glasses. 
This is especially true for glasses having a 
high barium or lead oxide content, such as 
some optical glasses. According to a report 
in [67], a cold diluted mixture of 5% HF, 
33% HNO3, 2% Teepol®, and 60% H 2 0 
should be an excellent universal fluid for 
cleaning glass and silica. 

Caustic solutions exhibit a detergency 
and the ability to remove oils and 
greases. The lipids and fatty materials are 


saponified by the bases to soaps. These 
water-soluble reaction products can read- 
ily be rinsed off the clean surface. It is 
desirable to limit the removal process to 
the contaminant layer, but a mild attack of 
the substrate material itself is often tolera- 
ble and ensures that the cleaning process 
is complete. Attention must be paid to 
unwanted, stronger etching, and leaching 
effects. Such processes may destroy the 
surface quality and should therefore be 
avoided. 

Vapor Degreasing Vapor degreasing is 
a process that is primarily useful for 
removing grease and oil films from 
surfaces. In glass cleaning, it is often 
used as the last step in a sequence 
of various cleaning operations. A vapor- 
degreasing apparatus consists essentially 
of an open tank with heating elements in 
the bottom and water-cooled condensing 
coils running around the top perimeter. 
The cleaning fluid may be isopropyl 
alcohol or one of the chlorinated and 
fluorinated hydrocarbons. The solvent is 
vaporized and forms a hot, high-density 
vapor, which remains in the equipment 
because the condenser coils prevent vapor 
loss. The precleaned cold glass pieces, in 
special holders, are immersed in the dense 
vapor for periods ranging from 15 s to 
several minutes. Pure cleaning fluid vapor 
has a high solvency for fatty substrates, 
and when it condenses on cold glass a 
solution is formed with the contaminant, 
which drips off and is replaced by more 
pure condensing solvent. The process runs 
until the glass is so hot that condensation 
ceases [66, 67]. 

Vapor degreasing is an excellent way to 
obtain highly clean surfaces. The efficiency 
of cleaning can be checked by determining 
the coefficient of friction, in addition to 
dark-field-inspection, contact-angle, and 



thin-film-adhesion measurements. High 
values are typical for clean surfaces [67]. 

Ultrasonic Cleaning Ultrasonic cleaning 
provides a valuable method of removing 
stronger adherent contaminants. This 
process produces an intense physical 
cleaning action and is therefore a very 
effective technique for breaking loose 
contaminants that are strongly bonded 
to a surface. Inorganic acidic, basic, 
and neutral cleaning fluids, as well as 
organic liquids, are used. The cleaning 
is performed in a stainless steel tank 
containing the cleaning fluid and equipped 
with transducers on the bottom or at 
the sidewalls. These transducers convert 
an oscillating electrical input into a 
vibratory mechanical output [66]. Glass 
is chiefly cleaned at frequencies between 
20 and 40 kHz. The action of these 
sound waves gives rise to cavitation at 
the glass surface/cleaning liquid interface. 
Ultrasonic cleaning is also used to remove 
pitch and polishing-agent residues from 
glass surface. 

Spray Cleaning The spray-cleaning pro- 
cess uses the shearing forces exerted by a 
moving fluid on small particles to break 
the adhesion forces holding the particles 
to the surface [27]. The particles will be 
suspended in the turbulent fluid and car- 
ried away from the surface. In general, 
the same types of liquids that are used 
for immersion cleaning can also be used 
for spray cleaning. Increasing the pressure 
and the corresponding liquid velocity re- 
sults in an increase in cleaning efficiency. 
Pressures of about 350 kPa are used. High- 
pressure spraying of organic liquids causes 
problems with surface cooling followed 
by unwanted water-vapor condensation, 
which can leave surface spots. This can be 
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prevented either by using a surrounding 
nitrogen atmosphere or using a water 
spray, which shows no spotting, instead 
of an organic liquid. High-pressure liquid 
spraying is a very powerful and effective 
method to remove particles as small as 
5 pm. In some cases also, high-pressure 
air or gas jets are very powerful. 

1.7. 2. 2. 2 Cleaning by Heating and 
Irradiation Placing substrates in a 
vacuum causes evaporation of volatile 
impurities. The effectiveness of this 
process also depends on how long the 
substrates remain in the vacuum and on 
the temperature as well as on the type of 
contaminant and on the substrate material. 
Under high -vacuum conditions at ambient 
temperature, the influence of partial 
pressure on desorption is negligible. 
Therefore, desorption is produced here 
by heating. Heating the glass surfaces 
causes a more or less strong desorption of 
adsorbed water and various hydrocarbon 
molecules, depending on the temperature. 

The applied temperatures are in the range 
between 100 and 350 °C and the required 
heating time is between 10 and about 
60 min. Only in case of ultrahigh vacuum 
applications is it necessary to use heating 
temperatures higher than 450 °C in order 
to obtain atomically clean surfaces. 

Cleaning by heating is particularly ad- 
vantageous in all those cases where, be- 
cause of desired special film properties, 
film deposition is performed at higher sub- 
strate temperatures. But, as a consequence 
of heating, polymerization of some hydro- 
carbons to larger aggregates and decompo- 
sition to carbonaceous residues may also 
occur. This sometimes makes such heat 
treatments problematical. However, treat- 
ment with high-temperature flames, for 
instance, a hydrogen-air flame, shows good 
results, although the surface temperature 
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in such a process reaches only about 
100 °C. In a flame, various kinds of ions as 
well as impurities and molecules of high 
thermal energy [68, 69] are present. It is 
assumed [67] that the cleaning action of a 
flame is similar to that of a glow discharge 
in which highly energetic, ionized particles 
strike the surface of the parts to be cleaned. 
According to this model, removal of ma- 
terial from a glass surface in a flame may 
occur because of the high-energy particles, 
which impart their energy to the adsorbed 
contaminants. Particle bombardment and 
surface recombination of ions will liber- 
ate heat and may in this way also help to 
desorb contaminant molecules. 

Another technique for cleaning surfaces 
is the use of ultraviolet (UV) radiation 
to decompose hydrocarbons. Exposure 
times of about 15 h in air produced 
clean glass surfaces [70]. If properly 
precleaned surfaces are placed within a 
few millimeters of an ozone-producing 
UV source, clean surfaces are produced 
in even less than one minute [71]. This 
clearly demonstrates that the presence of 
ozone increases the cleaning speed. As 
for the cleaning mechanism, it is known 
that the contaminant molecules are excited 
and/or dissociated under the influence of 
UV. Furthermore, it is also known that 
the production and the presence of ozone 
produce highly reactive atomic oxygen. It 
is assumed that the excited contaminant 
molecules and the free radicals, produced 
by the dissociation of the contaminant, 
react with atomic oxygen and form simpler 
and volatile molecules like H 2 O, CO 2 , and 
N 2 . 

1.7. 2. 2. 3 Cleaning by Stripping Lacquer 
Coatings The use of strippable adhesive 
or lacquer coatings to remove dust parti- 
cles from a surface is a very special and 


somewhat unconventional cleaning tech- 
nique. The basic cleaning procedure is 
quite simple. The thick lacquer coating is 
applied to the precleaned surface with a 
brush or by dipping. The parts are then 
allowed to dry completely. In a subsequent 
operation, performed in a laminar flow 
box to prevent recontamination, the lac- 
quer film is stripped off. Attempts to strip 
off the film in vacuum prior to thin-film 
deposition were only partly successful be- 
cause of the difficulty in detecting surface 
residues inside the evacuated system [27]. 

1.7. 2. 2. 4 Cleaning in an Electrical 
Discharge Undoubtedly, one of the 
most efficient methods of cleaning a 
glass surface is to immerse it in a 
glow discharge, and much of work 
on this subject has been reviewed by 
Holland [2, 67]. Generally, the discharge 
burns between two, only negligibly 
sputtered, aluminum electrodes, which are 
positioned near the substrates. Oxygen 
and sometimes argon are normally used 
to form the necessary gas atmosphere. 
It seems, however, that mild cleaning is 
effective only when oxygen is present. 
Typical discharge voltages are in the range 
between 500 and 5000 V. The substrates 
are immersed into the plasma, without 
being a part of the glow-discharge circuit. 
Only precleaned substrates are treated. A 
glass surface immersed in the plasma of a 
glow discharge is bombarded by electrons, 
mainly positive ions and activated atoms 
and molecules. Therefore, the cleaning 
action of a glow discharge is very complex. 

The most important parameters in 
glow-discharge cleaning are the type of 
applied voltage (AC or DC), the value 
of discharge voltage, the current density, 
type of gas and gas pressure, duration of 
treatment, type of material to be cleaned, 
shape and arrangement of electrodes, 



and position of the parts to be cleaned. 
Substrate cleaning in high vacuum by 
bombardment with ions generated in 
special ion guns is seldom used for 
industrial coating processes. Ion-beam 
technologies, however, offer interesting 
possibilities not only in cleaning but also 
in polishing and machining of optical 
surfaces, as well as for modifying the 
optical constants of subsurface layers [27]. 

1.7. 2. 2. 5 Cleaning Cycles Surface clean- 
ing is performed by various methods, such 
as washing with solvents, heating, strip- 
ping, and plasma treatment. Each has its 
range of applicability. Solvent cleaning has 
the greatest range of utility but is inade- 
quate in many cases, particularly where 
the solvents themselves are contaminants. 
Heating is useful up to the temperature 
limits of the surfaces to be cleaned. Plasma 
treatment provides a cleaning method 
where contaminant bond strengths exceed 
the temperature limits of the system. The 
plasma energy can be much higher than 
that achieved thermally and still not dam- 
age surfaces because of the low thermal 
flux. 

No one method, however, has all the de- 
sired features of simplicity, low cost, and 
effectiveness. To achieve optimum clean- 
liness of substrate surfaces, combinations 
of the various cleaning methods must be 
used. There is no universal approach to 
cleaning cycles. There are, however, some 
general guidelines to follow when estab- 
lishing cleaning sequences. 

Precleaning of glass parts usually starts 
with immersion cleaning in detergent 
solutions, assisted by rubbing, wiping, or 
ultrasonic agitation, followed by rinsing 
in demineralized water and/or alcohol. It 
is important to get the parts dry without 
allowing solution sediment to remain on 
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the surface because it is often hard to 
remove later [27]. 

In a cleaning operation, the sequence of 
cleaning liquids must be chemically com- 
patible and mixable without precipitation 
at all stages. A change from acidic solu- 
tions to caustic solutions requires rinsing 
with plain water in between. The change 
from aqueous solutions to organic fluids 
always requires an intermediate treatment 
with a mixable co-solvent such as alcohol 
or special dewatering fluids. The last steps 
in a cleaning cycle must be performed ex- 
tremely carefully. In a wet operation, the 
final rinsing fluid used must be as pure 
as possible and, generally, it should be as 
volatile as is practical. Finally, it is im- 
portant that cleaned surfaces are not left 
unprotected. Proper storage and handing 
before further treatment by film deposi- 
tion are stringent requirements. Mattox 
[72] discussed the types and origins of 
various contaminants and reviewed the 
cleaning processes for oxide, metal, and 
organic surfaces and the mechanisms of 
adhesion to these surfaces. 

1.7. 2. 2. 6 Cleaning of Organic Class 

Cleaning of organic glass and plastic 
materials requires special techniques and 
handling because of their low thermal 
and mechanical stability. Organic glass 
surfaces may be covered with low 
molecular weight fractions, surface oils, 
antistatic films, fingerprints, and so on. 

Most of the contaminants can be removed 
by an aqueous detergent wash or by other 
solvent cleaning possibly associated with 
mild liquid etching. However, care must 
be taken with cleaning fluids because 
they may be adsorbed into the polymer 
structure causing it to swell and possibly 
to craze on drying. 

With organic polymers, cleaning means 
that the surface must be modified in 
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such a way that it does not represent 
an area of insufficient adhesion at the 
interface substrate surface/film formed 
after film deposition. Therefore, frequent 
cleaning of plastics may simply mean the 
modification of the surface so that the 
contaminant initially present is afterward 
no longer considered as a contaminant. 
The proper treatment in glow discharge 
plasma is very effective for that purpose 
since, in addition to micro roughening, it 
also causes chemical activation and cross- 
linking [72]. Proper cleaning fluids and 
short cleaning time as well as carefully 
established energy limits and proper doses 
in particle bombardment or in radiation 
treatment are important for optimum 
results. 

There are many cheaper cleanliness tests 
such as inspection of the breath figure, 
the atomizer test and the water-break 
test [27]. All of these qualitative tests are 
based on the wettability, which is generally 
high on clean glass surfaces. The contact 
angle of water droplets and droplets of 
other materials on a surface can even 
be a quantitative measure of wettability 
[73]. Surface cleaning and recontamination 
of glass was monitored by contact angle 
measurements using distilled water [67]. 

The best precaution for preventing 
recontamination, beside cleanliness of 
operator and environment, is to avoid 
long intervals between cleaning and film 
deposition. The cleaned parts should 
be mounted into the substrate holders 
immediately after cleaning and the whole 
device should be placed carefully and 
quickly in the coating systems. 

1.7. 2. 3 Chemical Methods of Film 
Deposition 

1.7. 2. 3.1 Spraying Pyrolysis Many stud- 
ies have been done over about five 


decades on spray pyrolysis (thermal 
decomposition) for preparation of TCO 
films. Many variants have been tried to 
grow the films but the basic technique 
used by all the workers is similar to that 
described in Ref. 8. For example, a so- 
lution of SnCU or InCU in a mixture of 
alcohol and water is sprayed onto heated 
substrates. The hydrolysis of chlorides [4] 
is normally involved. The thermal decom- 
position takes place on the hot substrate 
surface giving rise to a continuous film. 
The prime requisite for obtaining good 
quality thin films is the optimization of 
preparative conditions, namely substrate 
temperature, spray rate, concentration of 
solution, and so on [9]. 

Some review articles pertaining to spray 
pyrolysis processing and the range of thin 
films deposited by this technique for var- 
ious applications have appeared in the 
literature. Viguie and Spitz [74] have clas- 
sified chemical spray deposition process 
according to the type of reaction. A most 
recent survey on thin-film materials pre- 
pared by spray pyrolysis and advances in 
the field, especially different atomization 
techniques, was presented [12]. The critical 
operations for the spray pyrolysis tech- 
nique are (1) preparation of uniform and 
fine droplets and (2) the controlled thermal 
decomposition of these droplets in terms 
of environment, location, and time. 

Since the production of the first thin 
films of SnC >2 by oxidation of a metallic 
Sn film in air [31], such films have been 
prepared by blowing fumes of SnCl 2 onto 
heated glass [75], dip-coating heated hot vit- 
reous substrate in the solution containing 
SnCU [33], and pyrolytic decomposition 
of SnCU [36, 39]. There are also some 
patents in the literature, based on spray- 
ing the hot glass with a solution of InCU 
[37] or introducing it into an airstream 
containing SnCU [76]. Thin films of SnC >2 



are most commonly produced by thermal 
decomposition of aqueous acidified SnCU 
sprayed onto a hot glass substrate [36, 39]. 
Their techniques consisted of spraying a 
solution of stannic chloride and water onto 
a glass surface heated to 550-650 °C so 
that a layer of SnC >2 was formed [33, 36, 
37, 39]. Earlier reviews were written by 
Bauer [31] and Fischer [77]. 

TCO thin films of SnC >2 [31, 78-85], 
Sn0 2 :Sb [85-89], and Sn0 2 :F [89-92] 
have been deposited by spraying alcoholic 
solution usually of SnCU and sometimes 
of SnCl 2 [ 88 , 89], SnBr 4 [82], or tetra- 
butyltin [82]. Antimony doping is achieved 
by adding SbCl 3 to the spray solution. 
SbCh has also been tried as the dopant of 
Sn. Fluorine doping is achieved by adding 
NH 4 F and sometimes trifluoroacetic acid 
[90] or HF [91]. Similarly, InCl 3 is used 
as a source of indium in In 2 C >3 [93, 94], 
ITO [90, 94-96], or In 2 0 3 :F [97] films. Tin 
doping is achieved by adding SnCU- 

The solutions are made usually by 
dissolving SnCU or InCU in some solvents 
such as ethanol [83, 90], methanol [92], 
propanol [85], butyl acetate [93], HCl [92], 
and H 2 O [84]. Alcoholic solvents were 
the most preferred because of their low 
surface tension and viscosity facilitates the 
formation of small spray droplets while its 
low boiling point enables it to be efficiently 
removed from the deposition chamber 
in the vapor phase. The solvent is made 
slightly acidic with HCl (or HF for fluoride 
doping) [91, 92]. 

Films of ZnO [49, 98-101], ZnO:In 
[51], ZnO:Al [102-104], ZnO:Li [105], and 
ZnO:Tb [106] have been deposited by the 
pyrolytic decomposition using alcoholic 
solutions of ZnCU or Zn(CH 3 COO) 2 . Vari- 
ous dopants were added to above precursor 
solutions in the form of chlorides, sulfates, 
nitrates as well as acetates and acetylace- 
tonates [11]. TCO films using undoped 
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ZnO by spray pyrolysis were reported by 
Aranovich and coworkers [49] in 1979. 

A simple and effective method for 
preparing of Ti 02 films by decomposing 
TiCU with atmospheric water vapor was 
first proposed by Cartwright and Turner 
in 1939 [32] and further developed by 
Tanner and Lockhart [107], Banning [108], 
and Hass [109]. Banning [108] found that 
the hardness and refractive index of Ti 02 
films were increased by raising the glass 
temperature to 200 0 C and maintaining the 
liquid tetrachloride at 60 °C. 

Hass [109] reported that TiCU films 
formed by the vapor reaction process on 
substrates at temperatures below 280 °C 
are amorphous, and above this temper- 
ature have a structure of anatase. The 
anatase thin films of TiC >2 with good crys- 
tallinity and large area were obtained from 
the spray pyrolysis technique [110-113], 

The porosity of the films increased with 
increasing substrate temperature. Films 
made near 325 °C substrate temperature 
contained only the anatase phase with 
75% optical transmittance, and at higher 
temperatures (above 450 °C), the films 
were cloudy and contained both rutile and 
anatase phase [114]. 

CdO was the first material reported to be 
semitransparent to visible light and at the 
same time electrically conducting. It can 
be prepared by means of oxidative pyroly- 
sis of various Cd-alkyls [115]. Cd 2 SnC >4 is 
another transparent conductor having de- 
sirable properties, namely good durability 
and chemical resistance. Cd 2 SnC >4 [116] 
films have been deposited by spraying ap- 
propriate combinations of SnCU - CdCU- 
Cd 2 SnC >4 films have been used as elec- 
trodes in photogalvanic cells [26]. 

1.7. 2. 3. 2 Chemical Vapor Deposition 

Films with high demands for purity, 
stoichiometry, and structural perfection 
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could be obtained by chemical vapor 
deposition (CVD) methods [3], which 
allow deposition near thermodynamic 
equilibrium conditions. This technique 
could offer also economic advances of 
relatively low equipment cost and simple 
processing. CVD is based on the use of 
volatile organometallic compounds of tin, 
indium, zinc, titanium, and so on. CVD 
consists of a surface reaction on a solid 
surface, involving one or more gaseous 
reacting species. The principle of CVD 
preparation of oxide films was described 
in detail [26]. 

Since the 1980s, chemical vapor depo- 
sition has been widely adopted in the 
continuous production of with F-doped 
SnC >2 (SnC> 2 :F) [13]. By far, the majority 
of TCO films are currently produced in 
this way. Although ITO was first made by 
spray pyrolysis, sputtering has become the 
preferred mode for its production. Signif- 
icant achievements have also been made 
to obtain low-resistivity and textured ZnO 
films using CVD [50, 53, 54, 56-59]. 

Thin films of SnC >2 [74, 117-122], 
Sn0 2 :Sb [123], ln 2 0 3 [74, 124], ITO [125, 
126], ZnO [124, 127-129], and Ti0 2 [130, 
131] have been deposited by CVD. The 
oxidizing agents used are usually O 2 , H 2 O, 
or H 2 O 2 [117, 120]. O 2 , N 2 , or argon are 
generally used as carrier gases. The tin or 
indium compounds may be evaporated at 
relatively low temperature (~100 °C) when 
organometallic compounds [123] are used 
or at higher temperatures when chlorides 
are used [120]. 

Kane and coworkers [119] have grown 
Sn 02 films using dibutyl tin diacetate as 
the organometallic compound, nitrogen as 
the carrier gas, and oxygen as the reagent 
gas. The substrate was kept at a tem- 
perature of about 420 °C. SnC> 2 :Sb films 
were also fabricated [123] under similar 
conditions. Ghandhi and coworkers [121] 


have extended their work to grow SnC >2 
films by adopting the CVD technique to 
use radio frequency (RF) plasma-activated 
oxygen as the reagent. The main advan- 
tage of this technique is that it allows 
the growth of high-quality films at room 
temperature. 

1. 7. 2. 3. 3 Sol-gel Process The first ap- 
pearance of sol-gel reactions was observed 
by Ebelmen [132], who was the first to 
prepare a metal alkoxide from SiCU and 
alcohol, and he found that the compound 
gelled on exposure to the atmosphere. 
This was for a while only a matter for 
chemists. The material aspect appeared 
in the 1930s in the work of Geffcken 
and Berger [133]. They suggested using 
alkoxides for the preparation of optical ox- 
ide films. Pioneering work was done in 
the Schott Glass Company in Germany, 
which led to the first products in the 1960s. 
The process development and the result- 
ing film properties were reviewed in Refs. 
134-137. 

In general, the sol-gel process is used as 
a phenomenological term to describe the 
conversion of colloid suspensions from 
a liquid (sols) into a solid (gel). The 
gel consists then of two phases: a solid 
network penetrated by a second phase, 
either a liquid (wet gel) or a gas (xerogel). 
The most important technologies used to 
deposit sol-gel films technically are dip and 
spin coating [28]. 

Transition metal sol-gel chemistry has 
successfully been applied since more 
than 30 years in the form of titania 
coating on architectural glass, produced 
by the Schott Company in Germany 
[138]. A smooth and dense TiC >2 anatase 
film was prepared, using the sol-gel 
techniques and subsequent heat-treatment 
at a temperature of 450-500 °C [139-145], 



1.7. 2. 4 Physical Methods of Film 
Deposition 

Physical vapor deposition encompasses 
sputtering and evaporation. They are 
applied, dependent on particular require- 
ments of the production technology. Obvi- 
ously, they have their specific advantages 
and simultaneously introduce given lim- 
itations. In Refs. 2-16, 24-30, these 
techniques will be classified and described 
in detail. 

1.7. 2. 4.1 Evaporation Vacuum and also 
reactive evaporation using metallic or 
oxide sources have been employed to 
deposit various TCO films. The important 
control parameters are the evaporation 
rate, substrate temperature, source-to- 
substrate distance, and oxygen partial 
pressure. 

Postoxidation of Metal Films Thin films 
of Sn0 2 [31, 146], ln 2 0 3 [147], ZnO [35, 
147-149], and Ti0 2 [34, 109, 150] have 
been prepared by the oxidation of the 
respective metal films. A technique for 
preparing Ti0 2 film is to deposit a layer 
of Ti, which is then oxidized by baking 
at 400 °C in air. This method has been 
used by Hammer [34] and was developed 
in Germany. Ohnishi and coworkers [151] 
found that ZnO films can be made 
successfully at a low temperature by the 
oxidation of vacuum deposited ZnSe films 
without the direct sublimation of ZnO 
powder or crystals. 

Reactive Evaporation Reactive evapora- 
tion of Sn0 2 [152], ln 2 0 3 [153], ITO 
[154], and Ti0 2 [155] thin films has been 
achieved by the vacuum evaporation of the 
corresponding metal or alloy in an oxy- 
gen atmosphere onto substrates heated to 
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about 400 °C at rates of about 100-300 A 
min -1 . 

Activated Reactive Evaporation In the 

activated reactive evaporation method, the 
reaction between the evaporated species 
and the gas is activated by establishing 
thermionically assisted plasma in the 
reactive zone. Dense plasma is generated 
in the reaction zone by employing a 
thoriated tungsten emitter and a low- 
voltage anode assembly. The technique 
has been used to deposit excellent quality 
TCO films of ITO [154, 156] and Sn0 2 :Sb 

[157] - 

Direct Evaporation Thin films of Sn0 2 

[158] , ln 2 0 3 [159-161], ITO [161-163], 

ZnO [164, 165], and Ti0 2 [2, 166] have 
been deposited by thermal [158-161], 
electron beam [162-164], or arc plasma 
[165] evaporated of oxide sources. Owing 
to its high melting point, Sn0 2 has been 
deposited by electron beam [167] and 
flash [168] evaporation methods. When 
pure or mixed oxides are evaporated, 
they reduce and form opaque films of 
lower oxides. TCOs are hence obtained 
either by the postoxidation of lower oxide 
films [167] or by the introduction of 
oxygen [158-162] during evaporation. The 
reduced TiO v films can be converted to 
Ti0 2 by anodic oxidation [2, 109]. Hamberg 
and Granqvist [10] reviewed work on ITO 
films prepared by reactive evaporation of 
ln 2 0 3 with up to 9 mol % Sn0 2 onto 
heated glass. 

1.7. 2. 4. 2 Sputtering Every sputtering 
process involves the creation of gas 
plasma (usually in argon) in a low 
pressure chamber (from 5 x 10 -1 to 10 -4 
mbar) between a cathode, the target 
holder, and the anode that is conveniently 
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used as the substrate holder [6]. The 
sputtering by ions generated in the 
glow discharge (plasma sputtering) is 
the mainly used method of thin-film 
deposition for industrial and laboratory 
purposes. There are two basics: DC and 
radio frequency (RF) diode sputtering 
systems and their numerous modifications 
in use. Both reactive and nonreactive 
forms of DC and RF sputtering and 
magnetron and ion beam sputtering have 
been used. Reactive sputtering process was 
extensively studied experimentally as well 
as theoretically [26], 

Reactive Sputtering of Metallic Targets 

Subsequent to McMaster’s work with 
chemically prepared Sn0 2 films, it was 
found by Preston [38] that partially oxi- 
dized Sn or Cd films deposited by cathodic 
sputtering in an oxygen-containing at- 
mosphere (this technique being termed 
reactive sputtering) also formed TCO layers 
when heated in air. 

The general technique and ideas in- 
volved in reactive sputtering have been 
well described by Holland [2]. Thin films 
of CdO [38, 42, 169-171], Sn0 2 [38, 42, 
172-175], Sn0 2 :Sb [175, 176], ln 2 0 3 [42, 
177, 178], ITO [43, 176, 179-182], Ti0 2 
[2], and Cd 2 SnC>4 [183] have been reac- 
tively sputtered. Ar— 0 2 , N 2 — 0 2 , or 0 2 
are generally used as the sputtering gas. 
This sputtering technique was investi- 
gated by Holland and Siddall in details 
[42, 184], 

Giani and Kelly [173] have also prepared 
Sn0 2 thin films by a high-voltage anodiz- 
ing method. The anode was a Sn sheet 
and the cathode was either an A1 sheet or 
a Pt cylinder. The electrolyte used was an 
ammonium pentaborate in ethylene gly- 
col, which was varied by adding water. The 
anodizing voltage was 50 V d.c. producing 
a current density of 10 mA cm -2 . 


Sputtering of Oxide Targets (Direct 
Sputtering) Sputtering from oxide 
targets to form TCO films is significantly 
different from reactive sputtering of metal 
targets. The control of film stoichiometry 
has been found to be easier with oxide 
targets, thus obviating the need for high 
temperature, postdeposition annealing. 
Furthermore, there are no problems 
with diffusion in mixed oxide targets of 
Sn0 2 — Sb 2 0 3 or ln 2 0 3 — Sn0 2 . However, 
a new set of problems are encountered 
with oxide targets. Target fabrication is 
quite difficult [4]. 

Highly transparent and conducting 
films of Sn0 2 [185, 186], Sn0 2 :Sb 
[187-189], ln 2 0 3 [190], ITO [187, 

191-195], ZnO [44, 196, 197], ZnO:Ga [55], 
and Cd 2 Sn04 [18, 47] have been deposited 
by this technique. Yamanaka and Oohashi 
[185] have prepared sputtered Sn0 2 films 
using the cathode in the form of a tin 
oxide disk sintered from Sn0 2 powder at 
1770 K in air. The distance between the 
cathode and substrate was 6 cm and the 
sputtering voltage was 4.5 lcV. Vossen and 
coworkers [187, 191] have sputtered targets 
of ln 2 0 3 + 20 mole% Sn0 2 in pure Ar. 
Under the optimum sputtering conditions, 
the films were anion deficient and very 
highly conducting as deposited. Excellent 
ITO films were obtained using argon [192, 
193] or oxygen [194] as working gas with 
pressures of about 0.66 Pa [192, 194] or 
1.3 Pa [193], 

Ion Beam Sputtering Ion beam sput- 
tering differs from conventional plasma 
sputtering in that the projectiles bombard- 
ing the target are generated in external ion 
sources that are separated from the depo- 
sition chamber by pressure stages [198]. 
Since ion beam sputtering unlike RF sput- 
tering, involves minimal intrinsic heating 
and electron bombardment, so the effect 



on the substrate is minimized. Apply- 
ing this technique Dubow and coworkers 
[199, 200] prepared excellent ITO films 
from cold-pressed In 2 C >3 — SnC >2 powder 
target in an oxygen partial pressure of 
1.3 x 1(T 3 Pa. 

High-quality films of TCOs have been 
fabricated by ion beam sputtering from 
oxide targets [173, 201] at deposition 
temperatures less than 100 °C. Fan [201] 
has used an argon-ion beam source with a 
typical value of current of 50 mA. 

In addition to these sputtering tech- 
niques, a few workers have used other 
techniques, for example, glow discharge 
[202], and the Pyrosol process [203]. But 
these processes have not been widely used. 

Magnetron Sputtering Conventional 
sputtering sources suffer mainly from two 
disadvantages: (1) the deposition rate is 
very low and (2) there is a substantial 
heating due to target secondary electron 
bombardment of the substrate [8], By em- 
ploying a magnetic field to confine these 
electrons to a region close to the target 
surface, the heating effect is substantially 
reduced and the plasma is intensified, lead- 
ing to greatly increased deposition rates. 
Reactive magnetron sputtering process of 
thin films was reviewed by Safi [204] and 
references cited in it. 

Film preparation of TCO films have 
been tried by magnetron sputtering [195, 
205, 206]. Buchanan and coworkers [195] 
have grown films of indium-tin oxide of 
resistivity as low as 5 x 10 -4 ohm cm 
and transmittance of ~85%. The substrate 
temperature was kept ~730°C and the 
rate of deposition was ~16nmmin _1 . 
They were able to deposit these films onto 
a variety of substrates including Pyrex, 
quartz, and Mylar. 

TCO films using ZnO:Al prepared by 
RF -magnetron sputtering were reported by 


1.7 Chemically Modified Oxide Electrodes | 273 

Wasa and coworkers [46] in 1971. Although 
undoped ZnO films with a resistivity of 
4.5 x 10~ 4 Q cm were prepared by RF- 
magnetron sputtering in 1982 [207], they 
were found to be unstable in temperatures 
above about 150 °C [208]. Impurity-doped 
ZnO films such as ZnO:In prepared 
by spray pyrolysis were reported by 
Chopra and coworkers [51] in 1984. For 
the purpose of improving stability at 
high temperatures, Minami and coworkers 
[209] reported in 1984 that ZnO:Al films 
prepared by RF-magnetron sputtering 
were stable in use at temperatures as 
high as 400 °C. ZnO films [210] were 
prepared by impurity doping with a Group 
III element [15, 52, 211] such as Al, Ga, In, 
and B, or a Group IV element [212] such as 
Si substituted to a Zn atom site. ZnO [209, 

213] and zinc -tin oxide [214] films were 
also prepared by RF-magnetron sputtering 
on glass substrates. 

In 203 [215], ITO [216], and indium -zinc 
oxide [217] films have been prepared by 
DC- and RF-magnetron sputtering. 

1.7. 2. 4. 3 Reactive Ion Plating The pro- 
duction of low resistivity coatings normally 
requires elevated temperatures of the order 
of 400-500 °C. An alternative to the sup- 
ply of energy to the condensing molecules 
by heating the substrates is to provide it 
by the simultaneous bombardment of the 
surface with high-energy active molecules, 
and then reactive processes can be en- 
couraged on the substrate surface [8]. The 
process where these particles are provided 
from a discharge running in the residual 
gas in the vacuum chamber has become 
to be known as ion-plating. Since the sub- 
strate temperatures involved are very low, 
this process can be used to coat in plastic 
materials, and it can be introduced into 
almost all the sputtering processes. 
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Reactive ion plating technique has been 
employed to deposit films of Sn0 2 [218], 
ln 2 0 3 [218-220], ITO [220-222], In 2 0 3 :F 
[223], and TiN [219] at temperatures as 
low as room temperature. Howson and 
coworkers [218, 220] have used a reactive 
ion plating process to grow coatings of the 
oxides of indium and indium-tin alloys 
staring from the metal sources. 

1.7. 2. 4.4 Pulsed Laser Deposition Re- 
cently, ZnO:Al and ZnO:Ga films with 
resistivities of the order 1 x 1CP 4 £2 cm 
were prepared by pulsed laser deposition 
(PLD) [224, 225]. Crystalline erbium (Er)- 
doped ZnO thin films have been grown by 
PLD [226]. SrTi0 3 thin films were grown 
using PLD from a single-crystal SrTi0 3 
target [227]. This deposition technique is 
well suited for these studies, because it is 
one of the most kinetic methods for depo- 
sition. ITO thin films were grown on glass 
substrates by PLD without postdeposition 
annealing [228]. 

1.7. 2. 4. 5 Other Techniques Several 
other processes have been described for 
the deposition of TCO films. None of 
these appear to be in wide use, so they 
will not be described in detail. Some 
of these processes are borrowed from 
ceramic fabrication and metallization. 
There have been reports of screen- 
printed [229] or doctor-bladed [230, 231] 
techniques of ln 2 0 3 and In 2 0 3 :Sn. The 
major problem with these processes is 
the roughness of the surface produced. 
Thin films were also prepared by 
anodization for Sn0 2 [173], coprecipitation 
from appropriate mixture solutions for 
Sn0 2 :Sb [232] and liquid phase deposition 
method for SrTi0 3 [233]. Recently, soft 
solution electrochemical processes for 
the fabrication of oxide materials such 
as ZnO, Ti0 2 , and SrTi0 3 as well 


as the fundamental electrodeposition 
mechanisms were reviewed [234]. 

The chemical solution growth tech- 
nique, well known for chalcogenide films, 
has been extended to the deposition of ox- 
ide films (Mn 2 0 3 , Fe 2 0 3 , ZnO, and Sn0 2 ) 
[9]. Metal ions in aqueous solution, un- 
der certain conditions, form solid phases 
of hydroxides M(OH)„ or hydrous oxides 
(M 2 0„ • jH 2 0), which on heating yield 
the corresponding metal oxides. The major 
parameters that control the deposition pro- 
cess are the composition of the deposition 
bath, its pH, and its temperature. 

1. 7. 2. 5 The Properties of Transparent 
Conducting Oxide Electrode Surfaces 

The methods of preparation of TCO thin 
films have been described in previous 
sections of this chapter. The structural, 
electrical, and optical properties of TCO 
thin films in pure and doped forms have 
been reviewed [3-16], The mechanisms of 
electrical conduction and optical transmis- 
sion are very much interdependent [4]. 

A new optical approach was demon- 
strated by Kuwana and coworkers [235] 
in 1964, that is, the use of TCO electrode 
in which the product of an electrochemi- 
cal reaction is monitored spectroscopically. 
There has been considerable interest in 
the fundamental electrochemical proper- 
ties of Sn0 2 semiconducting electrodes 
deposited on glass or quartz substrate 
[236-241]. In this form, electrodes have 
been prepared that can be used to observe 
electroactive species near the electrode- 
solution interface by internal reflectance 
spectroscopy in the visible region of the 
spectrum [237-239]. The electrochemical 
and surface characteristics of doped Sn0 2 
and ln 2 0 3 film electrodes [242] were dis- 
cussed and compared to those of Pt and 
Au film electrodes [242, 243]. 



Developments in spectroelectrochem- 
istry based on TCO electrodes under 
semi-infinite diffusion conditions were 
reviewed by Kuwana and Winograd in 
1974 [244]. Since 1974, significant develop- 
ments in absorption spectroelectrochem- 
istry have occurred under semi-infinite 
diffusion conditions and in optically trans- 
parent thin-layer electrochemistry, several 
new TCO electrodes have been character- 
ized, and the indirect coulometric titration 
technique has been developed and applied 
to biological systems [245]. 

Kuwana [246] has reviewed some ear- 
lier studies of the effect of light irradiation 
on electrochemical cells and also others 
in which light emission is a consequence 
of an electrochemical process. Gerischer 
[247-250] has discussed the photoeffects 
in electrochemical systems under illu- 
mination associated with semiconductor 
electrodes. Spectral photosensitization was 
also discussed from an electrochemical 
point of view, as it was caused by elec- 
tron transfer from or to excited molecules 
[248]. Since Gerischer [247] started using 
ZnO, the electrochemical spectral sensiti- 
zation works for various electrode materi- 
als, including TiC >2 [251] and SnC >2 [252], 
have been mainly studied to elucidate the 
mechanism of spectral sensitization. Lit- 
tle attention, however, had been paid until 
the early 1970s to an application of these 
effects for energy conversion. 

Fujishima and Honda [251] have dis- 
cussed an electrochemical photocell based 
on an «-type TiC >2 electrode in contact with 
an aqueous electrolyte and with platinum 
as counter electrode. The photoreaction in 
their system is the decomposition of water 
due to an oxygen evolution at the irradiated 
TiC >2 electrode and a hydrogen evolution at 
the Pt electrode. Unfortunately, TiC >2 has a 
low quantum yield for the photochemical 
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conversion of solar energy. High-surface- 
area TiC >2 films deposited on a conducting 
glass sheet from colloidal suspensions was 
reported by O’Regan and Gratzel [253]. 

The use of these films with the addition 
of dye molecules has been shown to im- 
prove solar cells [253], The preparation and 
characterization of nanoporous nanocrys- 
talline Ti 02 films have been described 
in detail [253-255]. Another photoelectro- 
chemical cell for energy conversion has 
been discussed by Tributsch [256] and by 
Calvin [257] using the sensitization of pho- 
tocurrents by dyes that are adsorbed on 
semiconductor electrodes. 

Most of the useful TCOs with a wide 
bandgap (> 3 eV) studied up to now have 
been chemically inert conductive oxides, 
such as TiC >2 [258], SnC >2 [259], In 203 
[177, 260], and ZnO [247]. The bandgaps 
of these n -type semiconductors correspond 
to the energy photons in the UV region. 
Schematic band diagram of these oxides 
[254, 261-264] is shown in Fig. 1. So- 
lar energy reaching the Earth’s surface 
has, however, a spectrum distribution in 
the longer wavelength range and cannot, 
therefore, be used effectively by these elec- 
trodes [249]. Spectral sensitization would 
solve this problem. Osa and Fujihira [265] 
have developed a new type of electrochemi- 
cal photocell, using a TCO electrode whose 
surface was modified by the chemical bind- 
ing of sensitizing dyes. The solar cells 
developed by Gratzel and his coworker 
[253] described earlier are in this category. 

The material properties of In 203 are 
generally described by a high optical 
transparency for visible light and a high 
electrical conductivity [10]. To increase 
the conductivity of In 203 , it is gener- 
ally doped with Sn, which is known 
as ITO (or In 203 :Sn). The conductiv- 
ity of ITO films can be as high as 
0. 5-1.0 x 10 4 S cm -1 [10, 14], In ITO 
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Fig. 1 Schematic diagram 
illustrating the energy levels of 
conduction band (CB) and 
valence band (VB) of some 
n-type undoped semiconductor 
oxides such as Ti02 [261], SnC >2 
[254, 262], ln 2 0 3 [177, 263], and 
ZnO [264], 
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Tab. 2 Bandgap energy and work function for some n-type 
transparent conductive pure or doped semiconductor oxides 


Material 

Bandgap 

m 

Work function 
[eV] 

References 

S 11 O 2 

3.8 

4.7 

254, 266 

Sn0 2 :F 

- 

4.4 

267 

I 112 O 3 

3.75 

4.4 ±0.1 

263, 268 

ln2C>3:Sn 

3. 8-4.5 

-fv 

1 

-N 

bo 

263, 269 

ZnO 

3.4 

4.3 

264, 270 

ZnO:F 

- 

4.2 

14 

ZnO:AI 

3.9 

4.4 

271 

Ti0 2 

3. 0-3. 2 

4.2-4. 3 

261, 272 

SrTi0 3 

3.4 

4.0 

273, 274 


films, the electron concentration of ITO 
is ~10 21 cm -3 [10, 241, 242], with optical 
transparency still surviving. Their unique 
characteristics as transparent electrodes 
have led to the exclusive utilization of 
ITO films in flat-panel displays and solar 
cells. The conductivity increases with the 
product of concentration of free electrons 
and mobility. For wide-bandgap «-type 
semiconductors, the maximum number 
of electronically active dopant atoms that 


can be placed in the lattice determines 
the free-electron concentration. The maxi- 
mum electron concentration and the max- 
imum conductivity in TCOs generally are 
found to increase in the following order: 
Zn 0 :F<SnC> 2 :F<Zn 0 :Al<In 203 :Sn< Ag 
or Cu [14]. 

The electrical, optical, and chemical 
properties as well as physical properties 
of TCO materials can be controlled by 
altering their chemical compositions [15]. 



The physical properties shown in Table 2 
are the bandgap energy and work function 
for various types of pure and doped 
TCO semiconductors [14, 254, 261-274]. 
Bandgap widening associated with doping 
has been observed in earlier work on 
doped In 2 C >3 films [10, 263]. The optical 
data [10] indicated that a gradual shift of 
the bandgap was toward higher energy as 
the electron density was increased. This is 
actually a well-known effect, which has 
been reported for heavily doped «-type 
semiconductors based on In 203 [9, 10, 
263]. Values for the work function (fo) are 
defined, as the minimum energy required 
for an electron to escape into vacuum 
from the Fermi level. The presence of 
dipoles or electrical charges on the surface 
determines the effective work function 
(0 e fr) [275, 276]. The work function of TCO 
electrodes can be controlled after chemical 
modification [277]. The work function [267, 
269] of TCO electrode surfaces also depend 
upon cleaning method. 

Friend and coworkers [278] have re- 
ported a detailed study of the character- 
ization of different surface treatments on 
TCO electrodes such as ITO in terms 
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of morphology, carrier concentration and 
mobility, sheet resistance, work function, 
surface energy and polarity, and chemi- 
cal composition. The studies of various 
surface treatments for ITO were summa- 
rized in Ref. 277. The most commonly 
used, treatments are oxygen plasma and 
UV-ozone [269, 279-281], Ntiesch and 
coworkers [282] have studied acid and base 
treatments of the surface (the surface was 
cleaned with oxygen plasma prior to acid 
treatment). 


1.7. 3.1 General 

Formation of monolayers by self-assembly 
at electrode surfaces has been widely used 
in recent years. How to bind molecules on 
electrode surfaces has been studied exten- 
sively among electrochemists since mid- 
1970s, and is called chemical modification of 
electrode surfaces [283-285]. More recently, 
chemisorbed ordered organic monolayers 
on gold, silver, and oxides have been stud- 
ied extensively and are called self-assembled 
monolayers (SAMs) [286-289]. SAMs are 


1.7.3 

Electrode Modification 



Fig. 2 Schematic drawing of self-assembled monolayers formed by simply immersing a solid 
substrate into a solution containing surface-active organic molecules. 
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ordered molecular assemblies formed by 
the adsorption of molecules with a surface- 
active binding group on a solid surface 
(see Fig. 2). This simple process makes 
SAMs inherently manufacturable and thus 
technologically attractive for building su- 
perlattices and for surface engineering. 

Organosilanes have been used for chem- 
ical modification and as coupling agents 
since the first reports by Murray and 
coworkers [290] in the mid-1970s. Kuwana 
and coworkers discussed the silanization 
of SnC >2 in detail [242]. Since the first 
reports, the silanization has been used 
more widely for chemical modification of 
electrode surfaces [283-285]. Fujihira and 
coworkers [291, 292] carried out pioneer- 
ing work on covalently attaching organic 
molecules with functional groups such as 
— COOH and — COCl onto SnC >2 surface. 

This chapter describes chemical modi- 
fication of various n-type TCO electrode 
surfaces with various organic molecules 
in which one end is a binding group 
(X—), the other end is a terminal group 
with a different functionality (e.g. perma- 
nent dipole moment) (— Y), and these two 
ends are linked by groups of alkyl chain 
and 7T -system as shown schematically in 
Fig. 2. Studies for formation of various 
organic monolayers with carboxylic and 
phosphonic acids as well as organosilanes 


on these oxide electrodes are reviewed and 
discussed comprehensively in this chap- 
ter. Several examples of organic chemical 
treatments used for surface modifications 
of various TCO wide bandgap H-type elec- 
trodes are summarized. 

1.7. 3. 2 Sn0 2 

In our previous studies [291, 292], we 
found that a Sn 02 surface could be 
modified with functional groups such as 
—COOH and —COCl. The latter was more 
reactive [292]. As shown in Fig. 3, dehydra- 
tive coupling of a carboxyl group of rho- 
damine B (RhB— COOH) with a surface hy- 
droxyl group of untreated Sn 02 electrodes 
was tried using dicyclohexylcarbodiimide 
(DCC) as a dehydrating agent [291]. Chem- 
ical modification of Sn 02 electrode with 
tetra- ( p -chlorocarbonylphenyl) porphyrin 
(TPP(COCl) 4 ) was carried out by dip- 
ping the untreated Sn02 in TPP(COCl) 4 - 
methylene chloride solution for ca. one 
week at room temperature, in the presence 
and absence of pyridine (Py) as a cata- 
lyst for the condensation reaction [292]. It 
was found later that —COOH is selectively 
chemisorbed on various oxides and — SH 
on Au and Ag [289, 293-295], 

SAMs can be built from a vari- 
ety of molecules having surface-specific 
functional groups. Among the best 
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Fig. 3 Scheme for chemical modification ofSn02 electrodes with 
RhB— COOH and TPP(COCI) 4 [291, 292], 
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Tab. 3 Examples of organic chemical treatments used for surface modifications of n-type 
semiconductors of SnC >2 and ITO 


Semiconductor 

Chemical modification 

References 

S 11 O 2 

RhB-COOH and TPP(COCI) 4 

291, 292 

S 11 O 2 or TiC >2 

4- (2-Pyridin-4-yl-vinyl) -benzyl phosphonic acid 

299 


Ru(bpy)2(bpy-4,4'-dicarboxylic acid) 2+ 

300-303 


Ru(bpy)2(bpy-4-CH3-4’-carboxylic acid) 2+ 

303 

SnC> 2 :Sb 

Ru(terpy) (bpy-4,4'-dicarboxylic acid) 2+ 

303 

SnC> 2 :Sb or ITO 

(PTZ-COOH) and [MV-COOH](PF 6 ) 2 

303 

Sn 02 :Sb or Ti 02 

Ru(4-(l'-ethyl-(bpy)) (bpy-4,4'-di methyl phosphonic 
acid) 2 2+ 

304 

Sn 02 :F or Ti 02 

Eicosylcarboxylic acid and eicosylphosphonic acid 

305 

ITO 

1 2-Ferrocenyldodecanoic and perfluorodecanoic acids 

298 


6-Ferrocenylhexylphosphonic acid 

298 


Oligo(para-phenylene)-functionalized carboxylic acid 

306 


p-( H-, Br-, CN-, NO 2 -, CH 30 -)benzoic acids 

307, 308 


Bicarbazyl-/V, N'-dialkanoic acids ( n = 2, 5, or 10) 

308, 309 


N, N'-Dioctyl-3,3'-bicarbazyl-6,6'-dicarboxylic acid 

308 


8-Hydroxyquinoline-5-carboxylic acid 

309 


2-Chloroethyl-, trichloromethyl-, and aminomethyl- 
phosphonic acids 

310, 311 


(4-Nitrophenyl)phosphonic acid 

311 


p-( H-, CI-, NO 2 -, CF 3 -)benzenesulfonyl and benzoyl 
chlorides 

312, 313 


p-( H-, CI-)phenylphosphoryl dichlorides 

312 


n-Nonanoyl chloride and n-palmitoyl chloride 

313 


Ferrocene dicarboxylic acid and 3-thiophene acetic acid 

314-316 


Ru(bpy)2(bpy-4,4'-dicarboxylic acid) 2+ 

Ru(terpy) (H 2 O) (bpy-4,4'-diphosphonic acid) 2+ 

307, 308 


317 


Alkanecarboxylic acids CH 3 -(CH 2 ) n COOH (n = 16, 18) 
and bifunctional SH-(CH 2 )i 5 COOH 

318 


1,12-dodecanedicarboxylic acid 

319 

ITO or Sn02:F 

1 2-Phosphonododecanoic acid 

320, 321 

ITO or ZnO:ln 

Alkanephosphonic acids CH 3 -(CH 2 ) n P 03 H 2 (n = 15, 17) 

322 


characterized systems are alkanethiolates 
on Au [289, 293-295], Another class of 
self-assembling systems takes advantage 
of strong chemisorption of carboxylates 
and phosphonates on various oxide sur- 
faces [289, 296-298], 

Stilbazole derivatives and 7r -conjugated 
compounds with a pyridine unit have been 
extensively studied for a wide range of 
applications. The grafting of phosphonic 
acid-derived stilbazole (4-(2-pyridin-4-yl- 
vinylj-benzylphosphonic acid) on SnC >2 or 


TiC >2 was examined as listed in Table 3 
[299]. The surface was modified for 
3 days, with the phosphonic acid derivative 
dissolved in H 2 O at 100 °C. Solid state 
31 P NMR spectroscopic data indicated 
that the phosphonic group has reacted at 
the surface of SnC >2 with formation of 
P— O— Sn bonds [299]. 

Transparent porous SnC >2 films have 
been prepared from 30 to 50 A di- 
ameter colloids. These types of films 
strongly adsorb organic dye-sensitizer 
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molecules. S11O2 electrodes modified 
with bis(2,2 , -bipyridine)2(2,2 , -bipyridine- 
d^'-dicarboxylic acid)ruthenium(II) per- 
chlorate (Ru(bpy)2(dcbpy) 2+ ) exhibit 
excellent photoelectrochemical response 
in the visible spectral region with a 
power conversion efficiency of ~1% at 
470 nm [300]. Preparation of the com- 
plex Ru(bpy)2(dcbpy) 2+ was reported in 
the literature [301]. In addition, porous 
films consisting of SnC>2 and ZnO col- 
loids were also modified with similar 
Ru(bpy)2(dcbpy) 2+ derivative by boiling 
the plate in the solution (2 x 10“ 4 M in 
ethanol) for 3 min [302], 

Meyer and coworkers [303] described 
the surface attachment and photophysi- 
cal properties of Ru(bpy)2(dcbpy) 2+ and 
carboxylic acid derivatives of phenoth- 
iazine (PTZ-COOH) or methyl viologen 
[MV-COOH](PFg)2 on metal oxides (SnC>2, 
Ti02, In2C>3, SnC>2:Sb, ITO, or SiC>2) 
and the application of resonance Raman 
spectroscopy to the elucidation of surface 
binding. In addition, the mixed surfaces 
were prepared by either sequential or com- 
petitive binding. For most experiments, 
metal oxide electrodes were etched in 
10% HNO3/H2O (v/v) and rinsed thor- 
oughly in nanopure H2O before attach- 
ment. The cleaned electrodes were then 
soaked in solutions that were 10~ 4 M 
in Ru complex or carboxylic acid deriva- 
tive in CH3CN or CH2CI2 with an equal 
amount of DCC overnight in a dry box. The 
mono (carboxylic acid) salt (Ru(bpy)2(bpy- 
4-CH 3 - 4 ' -carboxylic acid) 2+ ) was also at- 
tached to SnC>2 with a maximum surface 
coverage of ~1 x 10 -10 mol cm -2 [303]. 

Fujihira and Osa [323] were the first to 
demonstrate that resonance Raman spec- 
troscopy has bright prospects in the studies 
of adsorbed dye (methylene blue) layers 
at SnC>2 electrode -aqueous solution inter- 
face. The change in the Raman intensity 


as a function of electrode potential was 
also studied. This method can be applied 
widely for the study of a variety of inter- 
faces in situ, involving electrode-solution 
interfaces with TCOs. 

Resonance Raman measurements [303] 
on surfaces containing the Ru complexes 
implied that attachment to SnC>2, In203, 
and TiC>2 was via an ester link or 
H-bonding to the surface [303]. For SiC>2, 
two modes of binding were suggested, a 
majority by chelating carboxylate modes 
and a minority by ester-like linkage. The 
smaller organic compounds, PTZ-COOF1, 
and MV-COOFl](PF6)2 displayed similar 
surface coverages. For MV 2+/,+ -COOFl 
couple was observed the worst surface 
stability [303]. 

A transparent nanostructured SnC>2:Sb, 
TiC>2, or AI2O3 films was immersed in 
an ethanol solution (typically 2 x 10~ 4 
mol dm -3 , pPI 3.0) of ruthenium com- 
plexes such as Ru(4-(T-ethyl-(bpy))(bpy- 
4,4'-dimethylphosphonic acid)2 2+ (R P V C4 ) 
for 2 h [304]. The resulting hetero- 
supramolecular assemblies were washed 
thoroughly with ethanol and stored in a 
darkened vacuum desiccator until required 
for use. Covalent organization of these 
hetersupermolecules yields the hetero- 
supramolecular assembly TiC>2 — R P V C4 
for which the associated hetersupramolec- 
ular function, long-lived light-induced 
charge separation, has been demonstrated 
[304]. These findings and associated in- 
sights may find practical applications in 
the area of optical information storage. 

The structures of monolayers of long- 
chain aliphatic acids deposited on SnC>2:F 
and TiC>2 using Langmuir- Blodgett (LB) 
techniques have been studied [305]. 
Briefly, solutions of eicosylcarboxylic acid 
(CH 3 (CH 2 )i9C0 2 H, ImM) and eico- 
sylphosphonic acid (CH3(CFl2)i9P03H2, 
0.5 mM) were prepared in chloroform. The 



substrates were mounted in the dipped 
position in the LB trough. The effects of 
pH, dissolved ions, different conditions, 
and different substrate materials on the 
structures of deposited monolayers have 
been examined. The findings will be used 
to optimize nanocrystalline solar cells and 
electrochromic windows based on metal 
oxide films modified by molecules ad- 
sorbed at the surface using phosphonic 
acid linker groups [305]. 

1.7.3. 3 ITO 

Table 3 presents several examples of or- 
ganic chemical treatments used to modify 
ITO surface electronic properties. Chem- 
ical structures of these organic materials 
used to modifiy ITO electrode surfaces are 
also shown in Fig. 4. Chemical structures 
of carboxylated and phosphonated ruthe- 
nium complexes and their derivatives are 
not shown in Fig. 4. 

Wrighton and coworkers [298] took ad- 
vantage of the selective surface attachment 
of carboxylic or phosphonic acid to ITO 
electrode and thiol to Au electrode. This 
selective surface-attachment chemistry is 
termed orthogonal self-assembly (OSA) and 
can be used to direct the spontaneous as- 
sembly of molecular reagents onto ITO 
and Au microstructures. The OSA has 
been achieved for ITO and Au substrates 
simultaneously exposed for 30 min to so- 
lutions (1 x 10~ 4 M in each molecule with 
5% ethanol in isooctane) of (1) carboxylic 
acid and thiol or (2) phosphonic acid 
and thiol. They found that phosphonic 
acids bind to ITO more aggressively than 
carboxylic acids, based on the observed 
coverage ratios (1 or 2) on ITO [298]. 

Zuppiroli and coworkers [306-309] ob- 
served improved performance in the or- 
ganic light-emitting diodes (OLEDs) using 
poly (para-phenylene) -functionalized car- 
boxylic acid (PPP-func) [306], p-substituted 
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benzoic acids [307, 308], bicarbazyl-A, N'- 
dialkanoic acids [308], and 8-hydroxy- 
quinoline-5-carboxylic acid [309] mono- 
layers grafted to ITO electrode. Us- 
ing a similar approach, Willis and 
coworkers demonstrated that ITO elec- 
trode modification with 2-chloroethyl- 
[310], trichloromethyl-, aminomethyl-, and 
4-nitrophenylphosphonic acids [311] grea- 
tly enhanced the OLED device perfor- 
mance, most notably by reduction of 
turn-on voltages. 

Before grafting, ITO substrates were 
cleaned by sonication and subsequent 
Ar + ion bombardment (plasma cleaning) 
at low power [306-309]. Without leaving 
the glove box, they were transferred into 
a 10 -3 M PPP-func and p-substituted 
benzoic acid solutions in tetrahydrofu- 
rane (THF). After several hours of graft- 
ing, the substrates were briefly rinsed 
in pure THF and dried [306-308]. ITO 
was also immersed in ethanol solu- 
tion containing 10 -4 M of carboxylated 
Ru(bpy) 2 (dcbpy) 2+ complex [307, 308]. Af- 
ter the grafting process, the ITO was 
again briefly rinsed in pure ethanol and 
dried. The Langmuir isotherms were mea- 
sured in solution and yielded a maximum 
surface density of 1.3 x 10 18 and 3.0 x 
10 17 molecules m -2 for p-nitrobenzoic 
acid and Ru(bpy) 2 (dcbpy) 2+ , respectively 
[307]. Bicarbazyl-yV, /V'-dialkanoic acids 
and p-substituted benzoic acids [308, 309] 
are all in the order of 10 18 molecules m -2 . 

Solutions of each 2-chloroethyl-, tri- 
chloromethyl-, or 4-nitrophenylphos- 
phonic acid (1 x 10~ 4 M) [310, 311] were 
prepared in 30% methanol in chloroform, 
with the exception of aminomethylphos- 
phonic acid for which an aqueous solution 
was used. For device fabrication, ITO sub- 
strates were derivatized with a SAM by 
immersion in a solution of the appropriate 
phosphonic acid, typically for a period of 
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Fig. 4 Chemical structures of carboxylic acid and phosphonic acid derivatives used for the 
surface modification of ITO. 


16 h. After derivatization, ITO electrodes 
were removed from solution and rinsed 
thoroughly with fresh solvent [311]. The 
presence of each phosphonic acid on ITO 
surface was confirmed by measuring the 


advanced contact angle relative to bare ITO 
of triply distilled water on the surface. 

By the use of acid chlorides [312, 
313], ITO surfaces were modified quickly 
and the fine and wide change in ITO 



work function was realized. After cleaning 
with acetone and isopropanol, the ITO 
substrates were immersed for 5 min 
in dichloromethane solutions containing 
1 mM of p-substituted benzenesulfonyl 
chloride, benzoylchloride, or phenylphos- 
phoryl dichloride [312]. «-Nonanoyl chlo- 
ride and «-palmitoyl chloride were also 
used [313]. These modified substrates were 
rinsed in pure dichloromethane to remove 
excess unbound molecules and then vac- 
uum dried for 1 h. SAM modification of 
ITO substrates [324, 325] closely followed 
the procedure described in Ref. 312. 

Adsorption of small redox-active 
molecules (e.g. ferrocene [326]) on ITO 
can be used to probe changes in 
electrochemical activity of ITO surface as 
a function of surface pretreatment [314]. 
Adsorption of ferrocene dicarboxylic acid 
(Fc(COOH) 2 ) and 3-thiophene acetic acid 
(3-TAA) onto ITO was achieved by soaking 
ITO in a 1 mM solution of these small 
molecules in pure ethanol for 10 min 
and then rinsing briefly with acetonitrile 
[314-316]. To ensure reproducibility, the 
adsorption of Fc(COOH )2 on pretreated 
ITO was repeated a minimum of three 
times on three separate ITO samples, 
for each pretreatment condition [314]. 
Chemisorbed small molecules on ITO 
will provide for better direct contact of 
added conducting polymer layers and/or 
hole transport layers (HTLs) in the devices 
[316], 

Meyer and coworkers [317] reported the 
preparation of surface structures based 
on Ru(tpy) (H 2 O) (bpy-4,4'-diphosphonic 
acid) 2+ (tpy is 2,2', 2"-terpyridine) and 
kinetic evidence that surface oxidation 
of Ru m — OH 2+ to Ru IV — 0 2+ involves 
proton-coupled electron transfer. Stable 
surface coatings of the Ru complex on 
ITO were prepared by exposing electrodes 
to various (0.1 x 10~ 5 to 2 x 10 -4 M) 
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concentrations of metal complex in water 
at pH 3. The monolayers were relatively 
stable for several hours at pH 1, with ~10% 
of the electroactive coverage lost in the first 
hour of exposure. At pH 7, the complex 
desorbs from the surface with a half-time 
of ~30 min. At pH >10, it desorbs within 
10 min. 

A few studies investigate the coating 
ITO with organic monolayers of am- 
phiphilic molecules [318-322]. Stearic 
and archidic acid [318] solutions were 
made by dissolution in hexadecane at 
40 °C. The solutions were kept for 24 h 
at 30 °C during ITO sample immersion. 

After the solutions cooled to ambient tem- 
perature, the samples were rinsed with 
hexane and blown dry with N 2 . Bifunc- 
tional HS(CH 2 )i 5 COOH was adsorbed 
from 0.5 mM ethanol solution at room 
temperature. These molecules were found 
to form stable and ordered monolayers 
on ITO. HS(CH 2 )i 5 COOH molecules can 
be utilized to generate a thiol-terminated 
SAM on ITO [318], 

Napier and Thorp [319] developed a nu- 
cleic acid detection system based on the 
catalytic oxidation of guanine residues by 
a Ru(bpy) 3 2+ mediator. Monolayers were 
self-assembled by immersion of ITO in 
5 mM 1,12-dodecanedicarboxylic acid in 
hexadecane for 36-48 h. The electrodes 
were thoroughly rinsed with hexane to re- 
move any physically adsorbed molecules. 

The activation of surface carboxylates was 
performed by placing 40 mL of a freshly 
prepared 10 mM water-soluble carbodi- 
imide in 20 mM sodium phosphate buffer 
(pH 7.0) onto ITO. The carbodiimide was 
allowed to dry on ITO surface. Nucleic 
acids were then coupled to the activated 
ITO surface [319]. 

Close-packed and ordered monolayers 
of 12-phosphonododecanoic acid (12-PDA) 
were recently observed to form on ITO 
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and SnC> 2 :F through phosphonate-indium 
bonding interaction [320]. Phosphonic 
acid functional groups were found to 
preferentially interact with ITO surface 
relative to carboxylic acid groups. ITO 
and Sn 02 :F were cleaned via 20 min of 
UV-ozone to yield a clean hydrophilic 
surface. The cleaned electrodes were 
immersed for 16 h in deposition solution 
of 10 mM 12-PDA in 50% dimethyl 
sulfoxide (DMSO)/50% H 2 O. Then the 
electrodes were rinsed with H 2 O followed 
by drying the electrodes with N 2 . 

In addition, electrocatalytic detection of 
surface-immobilized nucleic acid probes 
using the Ru(bpy) 3 2+ mediator is highly 
dependent upon the preparation of ITO 
surface [321]. To maximize electron- 
transfer between Ru(bpy) 3 2+ and ITO, the 
charge at ITO needs to be negative. Phos- 
phonated SAM was allowed to form on 
ITO by immersing the electrode in so- 
lution of 1 mM 12-phosphonododecanoic 
acid in 50% DMSO/50% H 2 0 for 16.5 h. 
ITO electrodes were removed from solu- 
tion and washed with successive 10 min 
rinses of H 2 0, 1 M NaCl, and H 2 0 [321], 

Recently, Breen and coworkers [322] de- 
scribed patterning of ITO and ZnO:In 
films using microcontact printing (fi CP) of 
either hexadecylphosphonic acid (HDPA) 
or octadecylphosphonic acid (ODPA) and 
wet etching, in which etch resistance 
depends on thickness and uniformity 
of printed alkanephosphonic multilayers. 
Prior to ptCP, ITO or ZnO:In films were 
cleaned by UV-ozone for 30 min. A 5 mM 
solution of ODPA or HDPA in 2-propanol 
was filtered through a 0.2-/irm PTFE 
Acrodisc syringe filter. PDMS stamps were 
inked in either flooding method or spray- 
ing method [322]. 2-Propanol evaporated 
from the stamp surface as the ink was 
sprayed, leaving a film of neat alkanephos- 
phonic acid. Inked stamps were placed 


on ITO or ZnO:In surface using tweez- 
ers, left for 1 min, and then removed. 
The printed samples were etched in an 
aqueous oxalic acid solution (0.05 M), with 
mild agitation. Typical etching times were 
~5 min for 500 A films [322]. Other useful 
alkanediphosphonic acids were possibly 
synthesized by Michaelis-Arbuzov reac- 
tion [327, 328], 

Elastomeric stamp patterning of ITO 
using tetrabutyl-ammonium hydroxide 
(TBOH) was demonstrated [329], The 
stamp is immersed for 2 min in a 3 x 
10“ 3 M solution of TBOH in ethanol or 
water. After drying under N 2 flow, the 
stamp was pressed onto cleaned ITO and 
removed after a few seconds. TBOH reacts 
with the surface of ITO to form a dou- 
ble ionic layer that drastically inhibits the 
ability to inject holes in the device [329]. 

There are many other studies of ITO 
surface modification [277] for the pur- 
pose of enhanced hole injection. ITO 
work function can be changed by treat- 
ment with UV-ozone [269, 312, 330, 
331], plasma [332-334], acids or bases 
[335-337], and charge transfer [338] as 
well as by binding dipolar molecules [339, 
340] using organotin (or zirconium) alkox- 
ides [341-343], The work function of 
ITO may be changed by electrostatically 
controlled self-assembled polymer layers 
[344-349]. The hole injection was also 
enhanced by electrochemically prepared 
thin films [350], p-type doped thin films 
[351-354] and plasma polymerized fluoro- 
carbon films [355], 

Schwartz and coworkers reported that 
bonding of carboxylic acids [341, 342] or 
phenols [343] to surface hydroxyl (—OH) 
groups of ITO could be stabilized us- 
ing zirconium alkoxide complex-derived 
interface. In this process, a surface- 
bound alkoxyzirconium species is first 
formed, and subsequent ligand exchange 



or metathesis with carboxylic acid gener- 
ates a covalently bound alkanecarboxyzir- 
conium surface complex species [341]. 
Such surface modification does not con- 
stitute an insulating barrier between ITO 
and a third material near the inter- 
face [339, 340, 343]. In a typical proce- 
dure, a substrate was treated tetra (tert- 
butoxy) zirconium vapor at ca. 10“ 2 Torr 
for 45 min, followed by evacuation for 
60 min at ca. 10 -2 Torr to remove any 
physisorbed molecules [341]. Treated ITO 
substrates were then dipped in a saturated 
ethereal solution of acrylic acid for 30 min, 
removed, rinsed with copious amounts of 
diethyl ether, and dried in vacuo to give 
surface-bound zirconium carboxycopoly- 
mer. Treated ITO substrates [341] were 
also dipped in a 10 -3 M solution of fer- 
rocenecarboxylic acid (FcCOOH) in dry 
diethyl ether under an inert atmosphere 
for 30 min and then rinsed [342]. Alter- 
natively, a 1 mM solution of FcCOOH in 
diethyl ether was sprayed onto treated ITO 
using N 2 . The solvent was then removed 
by evacuation. 

1. 7.3.4 ZnO 

Dye-sensitized Ti02 electrodes have been 
investigated due to their potential use in 
solar cells [253, 254]. Systems based on dye 
sensitizer such as Ru(NCS) 2 (dcbpy) 2 2+ ad- 
sorbed on Ti 02 are the most extensively 
studied and, at present, the most effi- 
cient for dye-sensitized solar cells [356]. 
Besides Ti02, some oxides such as Sn02 
[300], ZnO [357], and SrTi0 3 [261] have 
also been studied for photoelectric conver- 
sion. SrTi0 3 offers the possibility of higher 
open-circuit voltages through closer align- 
ment of sensitizer excited state levels with 
conduction band edge [261]. For ZnO, it is 
similar in bandgap and band edge position 
to Ti02 (shown in Table 2) with similar 
(10-20 nm in diameter) or smaller (5 nm) 
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crystallite sizes than those for typical Ti 02 
films [357]. 

Table 4 summarizes examples of surface 
treatments used for chemical modifica- 
tions of wide bandgap semiconductors 
such as ZnO and Ti02. Several attempts 
[358-362] have been made to use ZnO in 
photoelectrochemical solar cells. In 1994 
Gratzel and coworkers [358] obtained over- 
all solar-to-energy conversion efficiency of 
0.4% when using Ru(NCS) 2 (dcbpy) 2 2+ on 
nanocrystalline ZnO films. By improving 
the interfacial contact between dyes and 
ZnO particles in the film, Hagfeldt and 
coworkers [359-362] recently obtained a 
high overall efficiency from 2% up to 
5% of Ru(NCS) 2 (dcbpy) 2 2+ adsorbed on 
ZnO. Therefore, one may find ZnO to be 
a candidate as a nanostructured material 
in efficient solar cells [362]. However, cells 
based on ZnO have shown lower efficien- 
cies compared to cells based on Ti 02 - 

Nanocrystalline ZnO electrodes were 
prepared by deposition of a colloidal 
ZnO solution on TCO substrates (usually 
Sn02:F or ITO). The electrodes were 
sintered at 450 °C for 30 min in airflow to 
form nanostructured film electrodes [360]. 

Prior to sensitization freshly prepared 
ZnO films were heated at their firing 
temperature for 20 min to activate the 
film surface by removing adsorbed water. 

The still warm electrode (about 80 °C) 
was immersed into a 0.5 mM ethanol dye 
solution of Ru(NCS) 2 (dcbpy) 2 2+ . Carboxyl 
groups are the commonly used anchoring 
groups for chemisorption of dye molecules 
onto TCO electrode surfaces [291]. The 
film remained in the above solution for up 
to 7 days. The sensitized film was stored in 
ethanol until required for use [358-362]. 

Several groups have shown that ZnO 
can be electrodeposited from aqueous 
solutions in both nonporous [445, 446] 



286 


7 Preparation of Monolayer Modified Electrodes 


Tab. 4 Examples of organic chemical treatments used for surface modifications of n-type 
semiconductors of ZnO and TiC >2 as well as ZrC >2 


Semiconductor 

Chemical modification 

Reference 

ZnO 

Ru(NCS )2 (bpy-4,4'-dicarboxylic acid) 2 2+ 

358-363 


Metal complexes of 2,9,1 6,23-tetrasulfophthalocyanines 

364-366 


Riboflavin 5'-phosphate 

367 


N, N'-Bis(ethylenesulfate)-3,4,9,10-perylene 
tetracarboxylic acid diimide 

368 


Ru(NCS) (Me 2 bpy) (2,2':6',2"-terpy-4-phosphonic 
acid) 2+ 

369 


Fullerence (Cgo) carboxylic acid derivatives 

370 


Succinic acid derivatives (p-CN — , CF 3 — , OCH 3 — , 

CH 3 — , H-terminated in the benzene ring) 

371 

Ti0 2 

[Ru(bpy )2 (CN) 2 ] 2 Ru(bpy- 4 , 4 '-dicarboxylic acid) 2 2+ 
Ru(bpy-4,4'-dicarboxylic acid) 3 2+ 

253, 372 


373-375 

TiC >2 or ZrC >2 

Ru(bpy) 2 (bpy- 4 , 4 '-dicarboxylic acid) 2+ ; 

Ru(bpy) 2 (ina) 2 2+ 

303, 376-378 

TiC >2 or ZrC >2 

Ru (Me 2 bpy )2 (bpy-4-CH 3 -4'- (3-propyl) carboxylic acid) 2+ 
Ru(X) 2 (bpy- 4 , 4 '-dicarboxylic acid) 2 2+ (X=CI— , CN — , 
CNS-) 

379 


356, 380-385 


Ru(CNS ) 3 (2, 2':6',2"-terpy-4, 4', 4" -tricarboxylic acid) 2+ 

386, 387 


Ru(bpy) 2 (bpy- 4 , 4 '-diphosphonic acid) 2+ 

377 


Ru(CNS)(Me 2 bpy)(H 2 , 2 ' : 6 ', 2"-terpy-4-phosphonic 
acid) 2+ 

Ru (4- (1 '-ethyl- (bpy) ) (bpy-4,4'-di methyl phos phonic 
acid) 2 2+ 

388-390 


304, 391 


Ru(bpy- 4 , 4 '-CH 2 PO(OCH 2 CH 3 ) 2 ) 3 2+ 

392 


Ru(Me 2 bpy) 2 -Rh(bpy- 4 , 4 '-dicarboxylic acid) 3 

393 

TiC >2 or SrTiC >3 

RhB-COOH, TPP(COCI ) 4 and ZnTPP(COOH ) 4 

291, 292, 374 


Benzene derivatives benzoic, phthalic or salicylic acid 

394, 395 


Carboxylate-terminated dimeric viologen 

396 

Ti 02 or Zr 02 

Mc2 merocyanine acid 

397 

Ti 02 or ITO 

3,5-Bis(phosphonomethyl)benzoic acid derivatives 

377, 398 

TiC >2 or ZnO 

HCOOH, CH 3 COOH, and C 2 H 5 COOH 

399-422 


Benzoic acid (C 6 H 5 COOH) 

408, 423 


Bi-isonicotinic acid (bpy-4,4'-dicarboxylic acid) 

424-426 


Oxalic acid (HOOC— COOH) 

427 


Glycine (NH 2 CH 2 COOH) 

428 


Maleic anhydride (QH 2 O 3 ) 

429 


p-( H— , Bi — , CN — , NO 2 — , CH 3 O— ) benzoic acids 

430 

Zr0 2 

CH 3 (CH 2 )„C0 2 H (n = 9, 13-18, 20) and 

HO(CH2)llorl5C02H 

431 

Ti 02 or Zr 02 

H00C(CH 2 )„P0 3 H 2 (n = 2, 3, 11, 15) 

432 

Ti0 2 

1 1-Aminoundecanoic acid, NH 2 (CH 2 )n COOH 

433 

Ti 02 or Zr 02 

Alkane(R) — PO 3 H 2 (R = CH 3 -, C 2 H 5 - n-C 4 H 9 -, 

C 6 H 5 — ) 

434 

Ti 02 or Zr 02 

Stearic (octadecanoic) acid, CH 3 (CH 2 )i 6 COOH 

435 

Ti 02 or Zr 02 

Octadecanephosphonic acid, CH 3 (CH 2 )i 7 P 03 H 2 

435-440 

Ti0 2 

Octadecanephosphoric acid, CH 3 (CH 2 )i 70 P 0 ( 0 H )2 

441 

Ti 02 or Zr 02 

Dodecanephosphoric acid, OH— or 

CH 3 (CH 2 )n OPO(OH ) 2 

442-444 





and porous [363-368] forms. Gratzel 
and coworkers [369] have recently de- 
veloped a nonaqueous electrodeposition 
route to very high surface area ZnO 
films with a wide range of mor- 
phologies. Nanoporous ZnO thin films 
have been applied to dye sensitiza- 
tion with metal complexes of 2,9,16,23- 
tetrasulfophthalocyanines (TS PcM s, 

Ms=Zn 2 +, Al 3 + or Si 4 +[OH] 2 ) [364-366], 
riboflavin 5'-phosphate (R5-P) [367], N, N'- 
bis(ethylenesulfate)-3,4,9,10-perylenetetra 
carboxylic acid diimide (S 03 EtPTCDI) 
[368], Ru ( N C S ) 2 (dcbpy ) 2 2+ [363], and 
Ru(NCS)(Me2bpy)(2,2 / :6 / ,2"-terpy-4-phos- 
phonic acid) 2+ [369]. Deposited dye- 
modified ZnO films have been found 
to perform as sensitized photoelectrodes, 
thus opening up a new synthetic route 
to photoactive materials in dye-sensitized 
solar cells [363, 366]. 

The electrodeposition of ZnO was car- 
ried out potentiostatically at —0.7 or 
—0.9 V (vs. SCE) for 60 min in a 0.1 M 
Zn(N 03) 2 aqueous solution maintained at 
70 °C [445], The deposition of ZnO/dye 
films was achieved simply by adding typi- 
cally 50 pM TSPcMs [364, 365], R5-P [367] 
and S 03 EtPTCDI [368] into the zinc nitrate 
bath. In the case of S 03 EtPTCDI [368], 
electrolysis was carried out under the same 
conditions as described in Ref. 445 . The de- 
posited films were rinsed by water, dried in 
air at room temperature and subjected to 
further analysis. The anchoring of TSPcMs 
to ZnO is expected to occur through the 
coordination of sulfonic acid group to the 
surface Zn 2+ of ZnO. Formation of the 
Ti— OS0 2 — Pc bond was found by FTIR 
analysis of Ti02/TSPcCo composite [447]. 

Phosphonated dyes have recently been 
found effective especially for solid-state 
dye-sensitized solar cells using electrode- 
posited nanoporous nanocrystalline ZnO 
[367]. A monolayer of Ru(NCS)(Me 2 bpy) 
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(2,2 / :6 / ,2"-terpy-4-phosphonic acid) 2+ 
complex was adsorbed onto the ZnO from 
ethanol/ DM SO (7096/30%) [369]. The elec- 
trodes were placed into 5 mL of ~10 -4 M 
dye solution when they reacted at 120 °C, 
while cooling from a second 30 min heat- 
ing to 380 °C. Adsorption was 90% com- 
plete within 12 h. Phosphonic acid groups 
bind strongly to ZnO. Other phosphonated 
Ru polypyridyl dyes gave similar results 
[369], 

Carboxylic acid groups are by far the 
most popular binding groups in dye- 
sensitized solar cells, and a deeper under- 
standing of the binding kinetics and bond- 
ing nature is therefore important [291, 

292]. Photoelectron spectroscopic mea- 
surements of carboxylated Ru complexes 
adsorbed onto ZnO and Ti0 2 indicate a 
bridge bonding (the carboxyl group is de- 
protonated and each oxygen atom interacts 
with a separate surface metal atom) in 
the case of Ti0 2 , whereas the carboxyl 
group was found to be protonated when 
binding to ZnO [361, 448]. Adsorption on 
oxide surfaces has also been addressed by 
computational methods [448]. 

Quantum chemical calculations have 
mostly been limited to small adsorbates 
such as formic acid (HCOOH) on different 
ZnO surfaces [449, 450]. Three structures 
have been suggested for the formate anion 
adsorbed on metal oxide surfaces: bridg- 
ing, bidentate, and unidentate structures 
as shown in Fig. 5. The energy difference 
between bridging structure and unidentate 
structure in interactions with the surface 
OH species was calculated to be very 
small [449]. Thus, theoretical studies of the 
adsorption of HCOOH on ZnO surface 
energetically favor a bridging structure, 
which is also found to be the most stable 
adsorption mode [449]. However, the re- 
sults also indicate that the bonding mode 
of HCOOH on ZnO is sensitive to the 
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surface coverage [361, 450]. In addition, 
the adsorption is a dynamic process allow- 
ing translational mobility of adsorbate on 
the surface. It is therefore likely that sev- 
eral bonding modes may be involved in the 
adsorbate interaction with ZnO surface. 

Cahen and coworkers showed that cur- 
rent density-voltage (I— V) characteristics 
of Au— GaAs and Au— SiO A /Si diodes 
could be modified by adsorbing a mono- 
layer of dipolar molecules onto the semi- 
conductor or metal surface [451, 452]. 
They used the same system but with, 
as semiconductor, ZnO, a much more 
ionic solid than GaAs [370, 371]. Fullerene 
(C 6 o) carboxylic acid derivatives were eas- 
ily adsorbed from solution as monolayers 
on ZnO and modify the semiconductor 
work function [370]. Moreover, succinic 
acid derivatives with p-substituents (CN— , 
CF 3 -, CH 3 O-, CH 3 -, and H-) in the 
benzene ring were adsorbed onto ZnO into 
roughly one monolayer by overnight im- 
mersion in a 2.5 mM acetonitrile solution 
[371]. With ZnO, the interface index found 
to be 0.55, five times that was of GaAs. 
Molecular control over the effective barrier 
height was more effective with ZnO than 
with GaAs. Thus, molecularly modified 
ZnO-based diodes open up possibilities 
for using light-sensitive molecules to study 
molecule-semiconductor charge transfer 
in a solid-state device structure [371]. 

1.7. 3. 5 Ti02 and Zr02 

The adsorption of a wide variety of 
inorganic and organic molecules on Ti 02 


surfaces was reviewed in Ref. 23. Tran- 
sition metal complexes or organic dyes 
as sensitizers are grafted on semiconduc- 
tors through anchoring groups such as 
carboxylate or phosphonate, which bind 
strongly to TiC >2 by coordination of sur- 
face Ti ions [453-455]. In addition, the 
adsorption of small organic molecules is 
briefly described in this section. Several ex- 
amples of chemical modifications of TiC >2 
with various organic molecules are listed 
in Table 4. 

1 .7. 3. 5.1 Polypyridyl Ru Complexes and Or- 
ganic Dyes as Sensitizers The preparation 
and characterization of «-type nanocrys- 
talline TiC >2 for dye-sensitization studies 
of Ru complexes containing carboxy- 
late and phosphonate polypyridyl ligands 
[253-255, 356, 372-393, 453-455] have 
been discussed in detail [456]. The carboxy- 
late and phosphonate functionality as an 
anchoring group to immobilize the com- 
plex on nanocrystalline TiC >2 films have 
also been discussed in Ref. 456. 

Since the first systematic study of com- 
plexes of the RuX 2 (dcbpy) 2 2+ (X=C1— , 
Br— , I—, CN— , SCN— ) [356], many other 
complexes have been synthesized and 
tested [372-393]. The best photovoltaic 
performance in terms of both conver- 
sion yield and long-term stability has so 
far been achieved with Ru complexes 
[356, 372, 386]. However, in 2001, “black 
dye’’ complex achieved a record 10.4% 
solar to power conversion efficiency in 
full sunlight [387]. Charge transport in 



nanocrystalline T 1 O 2 films has been under 
intense investigation [453] and has been 
best described by a random walk model 
[457]. Charge separation, charge injection, 
and charge transfer from molecular ex- 
cited states to the empty states [378, 381] 
in T 1 O 2 have been discussed [254, 255, 
384, 389-392]. The charge injection from 
the dye Ru(SCN) 2 (dcbpy) 2 + into transpar- 
ent hole (CuSCN, Cul, CuA 10 2 ) [19-22] 
and electron (SnC> 2 :F, porous TiC> 2 ) [14, 
253] conductors has recently been investi- 
gated by transient and spectral photovoltaic 
techniques [458]. 

The nature of linkage between 
a sensitizer and a semiconductor 
surface can influence excited state 
and interfacial electron-transfer behavior 
as well as the redox potentials. 
Earlier studies based on Ru(dcbpy) 3 2+ , 
Ru(bpy) 2 (dcbpy) 2+ , Ru(NCS) 2 (dcbpy) 2 2+ , 
and [Ru(bpy) 2 (CN) 2 ] 2 Ru(dcbpy) 2 2+ have 
unambiguously shown the utility of 
carboxylate as an efficient anchoring group 
[253, 303, 356, 372-374, 376]. Fujihira and 
coworkers [291, 292] were the first to report 
on organic dyes containing functional 
groups such as — CO 2 H and — COC1 bind 
to SnC >2 or TiC >2 electrode surface using 
ester-like linkage. 

Several studies have addressed how car- 
boxylated Ru complexes interact with TiC >2 
surface [303, 378, 380-382, 385]. In most 
vibrational studies, an asymmetric C— O 
stretch consistent with carboxylate bind- 
ing modes (bidentate or bridging) has 
been reported [378, 380, 385], Evidence 
for ester linkages and H -bonded network 
have also been reported [303, 376, 382]. 
Qu and Meyer [378] demonstrated that 
high surface proton concentrations fa- 
vor “carboxylic acid” type linkage where 
low proton concentrations favor “carboxy- 
late” type binding modes for complexes. 
Possible modes of coordination of the 
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carboxylate are shown in Fig. 6. Fillinger 
and Parkinson [383] found that the ini- 
tial binding involves one carboxylate, with 
subsequent binding of two or more car- 
boxylate groups on the surface. Finnie and 
coworkers [385] suggested a bidentate or 
bridging coordination to TiC >2 surface via 
carboxylate groups per dye molecule. 

Nanocrystalline TiC >2 films were pre- 
pared by spreading a viscous dispersion 
of colloidal TiC >2 particles on conducting 
glass support with heating under air for 
30 min at 450 °C [253, 356, 387]. Coating 
of the TiC >2 surface with dye was carried 
out by soaking the film for at least 3 h in a 
3 x 10 -4 M solution of the Ru complex in 
dry ethanol. The dye coating was done 
immediately after the high-temperature 
annealing. The electrode was dipped into 
the dye solution while it was still hot, that 
is, its temperature was ca. 80 0 C. After com- 
pletion of the dye adsorption, the electrode 
was withdrawn from the solution under a 
stream of dry air or argon. It was stored 
in dry ethanol or immediately wetted with 
redox electrolyte solution for testing [303, 

375, 378-387, 393]. 

A disadvantage of carboxylate group 
binding to TiC >2 is the fragility of the 
resulting surface link toward hydrolysis. 
Recent reports [377, 388-392] suggested 
that much higher surface stabilities could 
be achieved by the utilization of phospho- 
nated derivatives and phosphonate surface 
binding. Gratzel and coworkers [388, 389] 
reported the results of their studies in- 
volving Ru complexes with one or more 
of phosphonated terpyridine (P-terpy) as 
a key ligand. Studies on dye adsorption 
showed that the adsorption is much bet- 
ter for P-terpy complex as compared to 
the analogous dcbpy complex [388]. There- 
fore, a more efficient electron injection 
was obtained in the cells. Incorporation of 
phosphonic acid groups creates a basis 
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Fig. 6 Three possible carboxylate coordination modes to Ti0 2 surfaces: (a) unidentate, 
(b) bidentate chelating, and (c) bridging. 


for stable surface adsorption, and then 
the surface linkage strategy is a success 
[377]. Gratzel and coworkers [456] also 
described the difference in binding proper- 
ties of complexes containing carboxylate, 
and phosphonate binding groups might 
stem from the differences in the pK a values 
of the ligands. 

Nanocrystalline TiC >2 (or ZrC> 2 ) films on 
ITO substrates andTiC >2 (or ZrC> 2 ) colloids 
were prepared by a method described in 
Refs. 379, 388. The films were heated to 
400 °C for 30 min, cooled and immersed 
in solutions ca. 10~ 4 M in phosphonated 
complexes in ethanol solution for 16 h. 
After derivatization, the electrodes were 
rinsed with ethanol and stored in a fresh 
ethanol until use [377, 388-392]. Surface 
coverages were determined by spectro- 
scopic measurement of the amount of 
complex in ~1CP 4 M ethanol solution 
before and after the attachment, or by 


desorbing the complexes with 2 M NaOH 
solution. 

Surface complexation of colloidal TiC >2 
by benzene derivatives, that is, benzoic 
acid, phthalic acid, and salicylic acid was 
investigated and was found to obey the 
Langmuir isotherm [394], The complex- 
ation of these acids by TiC >2 surface 
dramatically accelerates the rates of inter- 
facial electron transfer to acceptors in the 
solution. These acids chemisorbed at TiC >2 
by chelation to surface Ti 4+ atoms are used 
as a spacer. Attachment of a methylviolo- 
gen to the above spacers has been studied. 
The second acceptor of the heterotriad, 
antraquinone, is linked to methylviologen 
[394, 395]. The dramatic rate enhancement 
of interfacial electron transfer by bidentate 
benzene derivatives on TiC >2 was observed. 
Viologens form a group of redox indica- 
tors that undergo drastic changes upon 
oxidation/reduction. The reduced form 



of methylviologen, for example, is deep 
blue, while the oxidized form is colorless. 
Efficient reduction of anchored viologen 
compounds by conduction band electrons 
of T 1 O 2 can be used for the amplification 
of an optical signal [396]. 

The best candidate for organic 
solar cells have been derivatives 
of merocyanine 3-acetyl-5-(2-(3-ethyl-2- 
benzothiazolidinylidene)ethylidene)-rho- 
danine (Mc2), which is the dye studied 
[397]. The polar group (carboxylic group) 
of Mc2 points toward the salt solution 
and pairs with a hydrated metal cation. 
Thereby, the dye molecules are oriented, 
which assists the formation of the ap- 
propriate aggregate geometry. Intercalated 
solvent molecules stabilize the structure. 
Gratzel and coworkers [397] successfully 
applied this method to induce J- and H- 
aggregation of carboxylated merocyanine 
dyes by impregnating highly porous metal 
oxide (TiC> 2 , AI 2 O 3 , and ZrC> 2 ) substrates 
with a hydroxide salt. 

Organic phosphonates and phosphates 
bind to metal oxide surfaces much more 
tightly than carboxylic acid [392, 459]. 
In addition, two phosphonate groups on 
the same molecular anchor should bind 
much tighter to a metal oxide surface 
than one phosphonate group. Meyer and 
coworkers [377, 398] described the synthe- 
sis of a protected diphosphonate anchor 
of 3,5-bis(phosphonomethyl)benzoic acid, 
its coupling of its carboxylate group to an 
amino group of a proline-chromophore, 
its deprotection, and finally its demon- 
stration as an anchor on nanocrystalline 
TiC> 2 , ZrC> 2 , and ITO. Surface cover- 
ages of 1.5 x 10 “ 10 mol cm -2 and 4.9 x 
1 0“ 1 1 mol cm -2 are at TiC >2 and ITO 
electrodes, respectively. Moreover, 3,5- 
bis(dimethoxyphosphinylmethyl)benzoic 
acid was converted to an amino derivative 
by attaching a diamino butane linker [398]. 
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1.7. 3. 5. 2 Short-chain Alkanoic and Benzoic 
Acids Formic acid is one of the best in- 
vestigated organic systems on Ti 02 and 
ZnO surfaces. Because many of other 
carboxylic acids follow the behavior of 
formic acid, the adsorption and reaction 
of HCOOH was recently discussed in 
some detail in Ref. 23. A large number 
of the adsorption and reaction processes 
of carboxylic acids (formic acid, acetic 
acid, propanic acid, acrylic acid, ben- 
zoic acid, bi-isonicotinic acid, oxalic acid, 
and glycine) were investigated by several 
groups [399-423]. 

In early adsorption studies, a 
single-crystalline ZnO [399-402], Ti 02 
[401-408], Sn0 2 [409], and Zr0 2 [410] 
surfaces were used for adsorption of 
formic acid and acetic acid. Formic and 
acetic acid adsorption and reaction on 
rutile Ti 02 surfaces were investigated 
by different groups [401-408]. The 
adsorption occurs via reaction ( 1 ) with no 
further details on the adsorption geometry 
given. Generally, HCOOH dissociates at 
Ti 02 to give formate: 

HCOOHgas + Olattice = HCOO a ds~ 

+ 0|attic(‘hfids (1) 

Here the H atom forms a hydroxyl 
with a surface atom Oi att i ce . Quantitative 
information about the adsorption sites, 
geometry, and lateral interaction between 
formats and hydroxyls were obtained (see 
below). 

The majority of HCOO~ are adsorbed 
in a bidentate fashion, with the oxygen 
atoms bridge-bonded between two fivefold 
coordinated Ti atoms and molecular plane 
oriented in (001) direction [411]. The ab- 
sorption spectroscopic studies [407-413] 
concluded that that there is a minority 
species present, with the molecular plane 
oriented parallel to the ( 110 ) direction. 
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This species is probably adsorbed at the 
vacancies in the bridging oxygen rows. In 
addition, the separation of v(C=0)-i’(C0) 
was observed at 282 cm -1 , which is closer 
to the value expected for monodentate 
bonding [413]. The vertical Ti— O distance 
was determined as 2.1 A and the O— C— O 
bond angle was estimated 126 ± 4° [414]. 
This agrees well with theoretical calcula- 
tions [415, 449, 450]. Atom-resolved im- 
ages of TiC >2 surfaces with single formate 
ions [416-418] are also consistent with the 
adsorption site at Ti atoms reported in 
Refs. 411-413. 

Dehydrogenation (HCOOH — > CO 2 + 
H 2 ) and dehydration (HCOOH — »■ CO + 
H 2 O) are two main reaction mechanisms 
of HCOOH on Ti 02 . Both reactions were 
observed upon formic acid exposure on 
Ti 02 (110) [406]. The decomposition of 
formic acid has been studied on rutile 
Ti0 2 (001) [403, 404], Ti0 2 ( 110 ) [405, 
406], and Ti0 2 (100) [419]. It is now 
clear that the substrate plays a very 
active role in formic acid decomposition 
and reaction processes; surface atoms are 
incorporated in reaction products, and 
the substrate itself is reoxidized upon 
formate decomposition [23]. Scanning 
probe techniques have also contributed 
to the understanding of this adsorption 
reaction. 

Formic acid was dosed on TiC >2 through 
a translatable directional dozer. Accurate 
and reproducible gas exposures were 
obtained by means of a micron-sized 
pinhole [417]. A neat format monolayer 
was made by exposing the substrate to 
formic acid vapor at room temperature 
for 3 Langmuirs (1 L = 1 x 10 -6 Torr 
s) [416]. To prepare mixed monolayer, 
the formate-covered surface was then 
exposed to acetic acid vapor. An exchange 
reaction occurred between adsorbed and 
gas-phase molecules. The amount of 


adsorbed acetate could be controlled by 
the exposure amount to acetic acid, while 
the total (formate + acetate) coverage was 
maintained at the saturation [415, 416]. 

The adsorption of acetic acid and 
propanoic acid generally follows the same 
trends found for formic acid [400-404, 
407, 412, 417]. Formate, acetate, and 
propanate are formed on TiC >2 ( 110 ) by 
dissociative adsorption of the correspond- 
ing acid, with hydroxyl species also being 
formed [404-407, 418], Thornton and 
coworkers [412] examined the orientation 
of formate, acetate, and propanate in their 
2x1 overlayers on TiC >2 (110) at 300 K. 
In all cases the carboxylate plane is al- 
most perpendicular to the surface and 
apparently twisted out of the principle az- 
imuths. The twist angles probably arise 
from averaging of majority and minority 
species. These angles out of the azimuths 
vary from 26 ± 5° to 39 ± 10°, indicating a 
bond geometry essentially independent of 
alkyl chain length [412]. 

Iwasawa and coworkers [420] directly 
observed the decomposition of acetic 
acid with scanning tunneling microscopy 
(STM). STM images after a tempera- 
ture jump to 580 K were analyzed. The 
number of bright spots on the surface 
decreased exponentially with time. This 
was assigned as a unimolecular decom- 
position of acetate to release ketene. This 
agreed well with a rate law deduced from 
a thermal desorption study [404]. Two 
main decomposition products such as 
methyl ketene (CH 3 HC=CO) and diethyl 
ketone (CH 3 CH 2 COCH 2 CH 3 ) as well as 
divinyl ketone (CH 2 =CHCOCH=CH 2 ) 
were formed at elevated temperatures 
[404]. Iwasawa and coworkers reported the 
first example of noncontact atomic force 
microscopy (NC-AFM) images of oxide 
surfaces with oxygen point defects on TiC >2 
(110) [421]. It is possible to distinguish 



between coadsorbed formate and acetate 
molecules with NC-AFM [417, 418]. 

The reactions of acrylic acid 
(CH 2 =CHCOOH) over TiC >2 provide a 
clear example of the complexity of the 
chemistry of conjugated molecules [422], 
There was little evidence that CH 2 =CH— 
(olefin) side chain affected binding of 
acrylic acid to the surface. However, once 
a decarboxylation has occurred, a range of 
products due to the olefin fragment is seen. 
These products included ethene, ethyne, 
butene, and butadiene. These pathways 
are undoubtedly related to the conjugated 
nature of the adsorbate because they are 
absent in the case of propanoic acid 
decomposition [404]. 

Williams and coworkers [408, 423] 
demonstrated the adsorption of ben- 
zoic acid on TiC >2 (110) using STM, 
electron-stimulated desorption ion angu- 
lar distribution (ESDIAD) and low energy 
electron diffraction (LEED) at room tem- 
perature. The adsorption is dissociative, 
forming benzoate and surface hydroxyl. 
Benzoate dimerizes along the (001) di- 
rection through the interaction between 
hydrogen of aromatic ring and n orbital 
[423]. It was proposed that rotation of the 
phenyl ring takes place, allowing the for- 
mation of dimers of benzoate at the surface 
[408], 

The adsorption of large organic 
molecules on TiC >2 is rapidly gaining in 
technological importance, for example, 
in dye-sensitization of solar cells 
[253]. Understanding the molecule-surface 
linkages in these systems is an important 
step in developing such molecular devices 
[379]. The adsorption of more complex 
acids was extended to bi-isonicotinic 
acid (2,2 / -bipyridine-4,4 , -dicarboxylic acid) 
on TiC >2 (110) in X-ray photoelectron 
spectroscopy (XPS) and near edge 
X-ray absorption fine structure (NEXAFS) 
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studies [424, 425], combined with 

quantum chemical calculations [424-426]. 

The molecules bind to two neighboring 
Ti rows in a bidentate mode through the 
dehydroxylated O atoms, and is connected 
via the rings along the (110) direction. In 
addition, the molecules stand up with a 25° 
tilt angle and have a preferred azimuthally 
orientation of 44° with respect to the 
( 001 ) direction in excellent agreement with 
calculated values [425, 426]. Nls NEXAFS 
spectra were modeled successfully using 
this adsorption geometry in a cluster 
model [424, 425], 

Minot and coworkers [427] performed 
theoretical investigation of oxalic acid 
(HOOC— COOH) on rutile and anatase 
TiC> 2 . The calculations suggested that ox- 
alic acid undergoes dissociative adsorption 
leading to the oxalate (C 2 C> 4 2 ~) bonded to 
two adjacent Ti atoms, which seems to be 
the most stable form of oxalic acid on TiC >2 
surfaces. The adsorption is stronger on the 
anatase than on the rutile and thus crystal 
growth of TiC> 2 , in the presence of oxalic 
acid, leads to the rutile structure. 

Multilayers of glycine, adsorbed on 
TiC >2 ( 110 ), were studied with synchrotron 
radiation-based UV light [428]. Ultravi- 
olet photoemission spectroscopy (UPS) 
and XPS data showed the multilayers as 
formed by glycine molecules in polar zwit- 
terionicform (Nil 3 + CH 2 COO - ). Photon 
induced damage of multilayers occurs fast 
(produces a first order desorption of zwitte- 
rionic molecules with total cross section). 

The remaining layer is formed by C, NH* 

(x = 1, 2) and OH hydroxyl species. Small 
coverages on Ti 02 surface indicated disso- 
ciative adsorption where most of the amino 
group is released into the gas phase. 

Although maleic anhydride (C4H2O3) 
is not a carboxylic acid, it may be- 
have similarly. The reactions of C4H2O3 
have been investigated on Ti02 (001) by 
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temperature programed desorption (TPD) 
[429]. Moreover, semiempirical calcula- 
tions of C 4 H 2 O 3 over a relaxed T 113 O 45 H 38 
rutile clusters were conducted. Two modes 
of adsorption were considered. The disso- 
ciated mode of adsorption is more favored 
than the nondissociated mode by 0.5 eV. 
The model was suggested where one 
C— O— C bond was broken and bonded to 
one Ti. TPD results indicated breaking of 
C=C bond and formation of ketene with 
an H atom that could either come from 
more complete dissociation of C 4 H 2 O 3 or 
as an impurity from the bulk. 

Gratzel and coworkers [430] demon- 
strated that modification of para- 
functionalized benzoic acids on TiC >2 can 
be used to systematically improve the I— V 
characteristics of solid-state dye-sensitized 
solar cells. The results have been shown to 
be consistent with the variation in the work 
function of modified TiC> 2 , measured on 
the free surface. They attributed this effect 
to a change in band bending at TiC> 2 /HTL 
interface induced by the dipole moment 
of adsorbed benzoic acid. Nanocrystalline 
TiC >2 layers were treated a 1 mM solution 
of benzoic acid in CH 3 CN at room tem- 
perature. Sample preparations as well as 
the measurements were carried out under 
an atmosphere of argon. 

1.7. 3. 5. 3 Long-chain Organic Acids Or- 
ganic monolayers of amphiphilic allcanoic 
acids [431, 433, 435] and allcanephosphonic 
[432, 434-440] or alkanephosphoric acids 
[441-444] onto Ti 02 and Zr 02 surfaces by 
adsorption from solution have been stud- 
ied in the past few years (see Table 4). 
Amphiphilic organic acids on metal ox- 
ides are a class of SAMs, which have been 
studied to a much lesser extent than thi- 
ols on gold. Although the adsorption of 
long-chain carboxylic acids on metal oxides 
produced the first SAMs [296, 297, 460], 


relatively few studies have been carried out 
compared to others systems. 

The chain length is an important variable 
in regard to whether extended versus loop- 
ing structures will form. Looping struc- 
tures were reported for HO(CH 2 )i 5 CC> 2 H 
adsorbed on AI 2 O 3 [295], but the same 
surfactant forms densely packed, all-trans 
chains on ZrC >2 due to the formation of 
zirconium carboxylate bonds [431]. In the 
case of carboxyalkylphosphonic acids, both 
acid groups can interact with metal oxide 
surface, and particle-particle interactions 
may include bridging structures in which a 
surfactant molecule binds to two particles. 
The likelihood of such bridging structures 
increases with increasing chain length and 
decreasing particle size. 

To investigate the influence of chain 
length and particle size, a series of diacids, 
H 0 2 C(CH 2 )„P 03 H 2 (n = 2, 3, 11, and 
15), were deposited on nonporous TiC >2 
and ZrC >2 powders and nanocrystalline 
ZrC >2 with average particle diameters of 
21, 30, and 5 nm, respectively [432]. The 
surface bonding, chain conformation, and 
mobility were characterized by 13 C and 31 P 
solid-state NMR and IR. These indicated 
that — PO 3 H 2 binds selectively to the 
surface producing a monolayer of HO (De- 
terminated chains. The average chain 
conformation depends on the substrate 
in addition to the chain length. A longer 
chain length to promote extended chain 
structures may be required when the 
additional polar functionality also has a 
strong affinity for a particular metal oxide 
as in the case of carboxylic acids and 
Zr0 2 . 

Composite multilayers made of 11- 
aminoundecanoic acid (NH 2 (CH 2 )io 
CO 2 H) capped-TiC >2 nanoparticles (63 ± 
2 A total diameter and 20-24 A core di- 
ameter) and charged polyelectrolytes were 
prepared by layer-by-layer self-assembly 



[433]. It should be emphasized that this 
method of layering can be potentially ex- 
tended to any oxide particles capable of 
interacting with carboxyl group of any 
amino acid. The composite film coated by 
a layer of gold has been shown to function 
as a Schottky diode. 

Modifications of TiC >2 and ZrC >2 mem- 
branes and powders with phosphoric acid 
and short-chain alkanephosphonic acids 
for separations in biotechnology have been 
studied [434]. The membranes and pow- 
ders were dried at 70 °C before immersion 
in the acid solutions. These were left 
for 4h in 0.1 M acid solution, and then 
lightly rinsed with appropriate solvent. The 
adsorption modes were characterized by 
direct analysis using infrared spectroscopy 
(IR). IR data suggested that phosphate and 
alkanephosphonates are bounded to metal 
oxide surfaces in the same C 3 ,, symmetry. 
This symmetry can be achieved with a tri- 
dentate chelating bonding mode (a) or a 
tridentate bridging mode (b), as illustrated 
in Fig. 7. The alkyl chain (R) is perpendic- 
ular to the surface. 

Whitesides and coworkers [435] have 
examined the preparation and properties 
of SAMs obtained by adsorption of long- 
chain alkanoic acids and alkanephospho- 
nic acids as well as allcanehydroxamic acids 
onto metal oxide surfaces such as TiC >2 
and ZrC> 2 . Monolayers of octadecanoic 
acid and octadecanephosphonic acid were 
formed from solutions in either isooctane 
or ethanol with concentrations of 1 mM in 


Fig. 7 Alkanephosphonic (or 
alkanephosphoric) acid bonding 
modes on metal oxide surfaces 
such as TiC>2 and ZrC>2: 

(a) thridentate chelating and 

(b) tridentate bridging. 
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adsorbate. The use of octodecanoic [435], 
octadecanephosphonic [435-440], and oc- 
tadecanephosphoric acids [441] for surface 
modification of TiC >2 and ZrC >2 has also 
been reported. In addition, TiC >2 and ZrC >2 
surfaces were coated with dodecanephos- 
phoric acid monolayers by immersion 
of the substrates into aqueous solutions 
[442-444], 

Reven and coworkers [436-438] have 
employed solid-state NMR technique for 
characterizing the surface bond and chain 
dynamics in SAMs of octadecanephos- 
phonic acid on both planar and particle 
surfaces ofTiC >2 and ZrC >2 as well as AI 2 O 3 . 

In a typical preparation, a fivefold excess 
of the acid relative to the moles for a full 
surface coverage on the oxide was dis- 
solved in 1000 mL of 3 : 1 methanol-water 
mixed solvent. A suspension of 2 g of metal 
oxide in 200 mL of deionized water was 
added dropwise to the acid solution. The 
resulting suspension was held at 100 0 C for 
3 days with stirring. The solid was washed 
and centrifuged with 200 mL of methanol 
seven times to remove any physisorbed 
acid and then dried under vacuum at room 
temperature [436]. For long-chain phos- 
phonic acids, Z 1 O 2 appeared to be the 
best substrate for the formation of ordered 
monolayers [436, 437]. 

Fadeev and coworkers [439] have re- 
ported the comparative study of the re- 
actions of octadecanesilanes with different 
headgroups and of octadecanephosphonic 
acid for the surface modification of TiC >2 
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(anatase). The work was focused on the 
structure, kinetics, and mechanism of 
the growth of the monolayers derived 
from different surface coupling agents 
on TiC> 2 . On the basis of the kinetics 
measurements, the following range of re- 
activity was established: Ci 8 H 3 7 SiCl 3 >> 
C 18 H 3 7 PO(OH ) 2 > C 18 H 3 7 Si(CH 3 ) 2 Cl > 
C 18 H 37 Si(OCH3 ) 3 > Ci 8 H 37 SiH 3 . 

Fadeev and coworkers [440] have also 
reported the results on hydrolytic stabil- 
ity of different Ci 8 -monolayers supported 
on Ti0 2 and Zr0 2 surfaces. The mono- 
layers of Ci 8 H 3 7 PO(OH )2 demonstrated 
the best hydrolytic stability among the 
studied surfaces. 10 mL of solution of 
Ci 8 H 3 7 PO(OH )2 in toluene was injected 
into the vials using a syringe. The solutions 
contained 25 pmol of modifier per each 
square meter of Ti0 2 , which corresponded 
approximately to a threefold excess in 
respect to the complete monolayer cov- 
erage of the surface with alkyl groups (~5 
group/nm 2 ). Upon addition of solution, 
the reaction vessels were left at room tem- 
perature. After a given time (1-240 h), the 
reactions were quenched by filtering on a 
Buchner funnel with a fritted disk. The 
samples were subsequently washed with 
toluene, acetone, water-acetone ( 1 : 1 ), and 
acetone, then dried on the filter to a dry 
state, and then dried in an oven at 60 °C 
overnight [439, 440]. The extent of hydrol- 
ysis (^ hydrolyzed ) at 25 °C for Ti0 2 and 
ZrC >2 supported surfaces was ~0.02-0.05. 
At 65 °C, the values of ^hydrolyzed were 
~0. 05-0.15 for Zr0 2 and ~0.15-0.2 for 
TiC> 2 -supported surfaces [440]. High sta- 
bility of these monolayers is explained 
because of strong specific interactions of 
phosphonic acid group with the surfaces of 
metal oxides. The surface of Zr0 2 is more 
basic (isoelectric points (IEP) ~7 — 11) than 
that ofTi0 2 (IEP ~4-7), which results in 


a stronger bonding of phosphonic acids 
[440], 

Hahner and coworkers [441] have de- 
scribed the preparation and characteriza- 
tion of SAMs of long-chain alkanephos- 
phoric acid esters on oxide surfaces of Ti, 
Al, and Nb from an organic solvent. They 
have focused on a direct determination of 
the orientation and order of acid monolay- 
ers on the surface. Octadecanephosphoric 
acid was dissolved in «-heptane/propan- 
2-ol (100 : 0.4 (v/v)) solvent mixture at 
0.5 mM concentration. SAMs were formed 
by immersion of the substrates in the 
solution for up to 48 h. Following immer- 
sion, the substrates were removed from 
the solution and rinsed with propan- 2 -ol, 
blow-dried with N 2 , and stored in air until 
analysis. The preparation of well-ordered 
SAMs from heptane/propan-2-ol is appli- 
cable to various oxide substrates covered 
by alkanephosphates. This might open up 
the possibility of chemically tailoring many 
technologically important oxide surfaces 
via self-assembly. 

Spencer and coworkers [442, 443] have 
described results on both pure and mixed 
SAMs of Cl I j-and OH-terminated dode- 
canephosphoric acids deposited on Ti0 2 
and ZrC >2 as well as other oxides (AI 2 O 3 , 
Ta 2 05 , and Nb 2 05 ) from aqueous solu- 
tion. However, the presence of a functional 
group has been showed to influence the 
order of the adsorbed monolayer [444]. 
The substrates were immersed for 48 h 
in the acid solution and removed, each 
being rinsed with 10 mL of high-purity 
water and finally blown dry with N 2 . 
SAM formation did not occur on Si0 2 
surface under the same conditions [442]. 
SAMs were characterized by water contact- 
angle (wettability), microdroplet density 
measurements (condensation figures to 
judge homogeneity), and XPS (coverage 
and orientation of molecules) [443], The 



7.7 Chemically Modified Oxide Electrodes | 297 

synchrotron-based technique gave direct adsorption of organic monolayers on ZrC >2 
information on the average orientation of is described in the previous section and 
molecules and the amount of defects, pa- also summarized in Table 4. Other large 
rameters that played a pivotal role for the bandgap oxides are discussed in this 
preparation of organic surfaces with tai- section. The chemical surface modification 
lored properties [444]. of large bandgap oxides with organic 

monolayers [295-297, 460, 462-490] is 
1.7. 3 . 6 Other Oxides listed in Table 5 as described in the 

Much research has been focused on the following. 

self-assembly of various organic molecules Most studies of the adsorption of 

on wide bandgap n-typeTCO substrates as carboxylic acids on metals have involved 
described earlier. The metal oxides with a surfaces exposed to air prior to adsorption 
large bandgap such as Zr0 2 (£ g = 5.8 eV) and thus largely refer to adsorption on 
[461], for example, are ruled out by a native oxide overlayers. Allara and Nuzzo 
low electron affinity, which places the [296, 297] studied the adsorption of 
conduction band edge above the excited M-alkanoic (Cg— C 24 ) acids and CH=C- or 
state potential of most dyes (Fig. 8 ). The CH 2 =CH-terminated alkanoic (C 19 ) acids 



Fig. 8 Schematic energy band diagram of suitable and unsuitable 
metal oxides for organic dyes as sensitizers. Election injection from 
the dye-excited state to the energy level of conduction band (CB) is 
energetically favorable for wide bandgap oxides such as TiC >2 and 
ZnO [261 , 264], but forbidden for large bandgap oxides such as 
Zr0 2 [461], 
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Tab. 5 Examples of organic chemical treatments used for surface modifications of large 
bandgap AI 2 O 3 and various other oxide substrates 


Substrate 

Chemical modification 

References 

AI 2 O 3 

n-Alkanoic acids and CH=C— or 
CH 2 =CH(CH 2 )i 9 COOH 

296, 297 


Tere-, isophthalic, 

1 ,4-cyclohexanedicarboxylic, benzoic, 
aliphatic dicarboxylic 
(HOOC(CH 2 ) 3 _ 8 ,ioCOOH) acids 

460 


CI-, F-, OH-, CH 3 (CH 2 )i 5 -i 7 COOH and 
CF 3 (CF 2 ) 8 COOH 

295 


n-Alkanoic acids, CH 3 (CH 2 ) 2 -i 8 , 22 COOH 

435, 462-466 


4-Acetoxybenzoic acid, 

4-CH 3 (C=0)0C 6 H 4 C00H 

467 


Zr (or Sn) alkoxide-mediated bonding 
carboxylic acids 

468-470 


Octadecanephosphonic acid, 

CH3(CH2)l7 PO 3 H 2 

435, 436, 471 

AI 2 O 3 or CuO 

Alkanephosphonic and 

alkanebisphosphonic acids 

472, 473 


Alkanephosphoric acids, OH— or 
CH 3 (CH 2 )ii,i70PO(OH)2 

441, 442 


Polypyridyl Ru complexes and organic dyes 

304, 397, 474 

AgO or CuO 

n-Alkanoic acids, CH 3 (CH 2 ) n COOH 
(n = 2 - 20 , 22 ) 

462, 464, 475, 476 


4-alkoxybiphenyl-4'-carboxylic and 

6 -alkoxy- 2 -naphthoic acid derivatives with 
aliphatic long-chains (n = 15-19) 

464 

Steel or Brass 

Alkanephosphonic and 

alkanebisphosphonic acids 

473 

Steel 

Thienyl- or bithienylhexanphosphonic acids 

477 

Nb 205 or Ta 205 

Octadecanephosphoric acid, 
CH 3 (CH 2 )i70P0(0H)2 

441, 478-480 


Dodecanephosphoric acid, OH— or 

CH 3 (CH 2 )n OPO(OH ) 2 

442 

Si0 2 

Ru(bpy) 2 (bpy- 4 , 4 '-dicarboxylic acid) 2+ 

303 


Stearic acid, CH 3 (CH 2 )i 6 COOH 

481 


Phosphorus oxychloride, (POCI 3 ) 

482 

Zirconated Si 02 

Octadecanephosphonic acid, 
CH 3 (CH2)l7P0 3 H2 

436 

Si0 2 or Mica 

Octadecanephosphonic acid, 

CH3(CH2)l7 PO 3 H 2 

483-489 

CaHAP 

R PO 3 H 2 (R = n-CgHi 7 , ( 1 -C 18 H 37 , n- 
C 8 F 17 F— (CH2)2) 

490 


on oxidized AI 2 O 3 . A1 substrates were 
prepared by the evaporation of A1 from 
resistively heated W boats onto Si wafer. 
Ogawa and coworkers [460] studied the 


adsorption of tere- and isophthalic acids, 
cis- and trans- 1,4-cyclohexanedicarboxylic 
acids, and aliphatic (C 3 _ 8 ,io) dicarboxylic 
acids on y-Al 2 C >3 powders. In addition, the 






adsorption of alkanoic acids on natively 
oxidized AI 2 O 3 [435, 462-466] and AgO or 
CuO [435, 464, 475] surfaces has also been 
investigated. 

A stable monolayer assembly can 
be formed on Ag by the sponta- 
neous adsorption of arachidic acid 
(CH 3 (CH 2 )i 8 COOH) from hexadecane 
[475]. Surface X-ray diffraction of do- 
cosanoic acid (CH 3 (CH 2 ) 2 oCOOH) mono- 
layers on Ag(lll) surface showed that the 
carboxylate anion adsorbs in a p( 2x2) 
overlayer structure, with interchain spac- 
ing of 5.78 A. The area per chain within the 
SAMs is 28.8 A 2 [476]. The alkyl chains are 
in all-trans extended configuration, and are 
tilted at 26.7° from the surface normal to- 
ward the nearest neighbor. The plane that 
bisects the methylene groups is twisted 
with respect to the plane of the carboxy- 
late group. Polarized IR external reflection 
spectroscopy studies confirm this struc- 
ture [462, 475], 

Tao [462] has showed that the chemisorp- 
tion of alkanoic acids on amorphous metal 
oxide surfaces is not unique. It was found 
that on AgO surfaces, the carboxylate two 
oxygen atoms bind to the surface nearly 
symmetrically, while on surfaces AI 2 O 3 
and CuO, the carboxylate binds asymmet- 
rically to the surface displaying tilt angles 
close to zero. Observations made by Al- 
lara and Nuzzo [296, 297], Thompson and 
Pemberton [463], and Sondag and cowork- 
ers [467] indicated that stearic acid adsorbs 
to AgO and AI 2 O 3 in slightly different 
orientations. However, IR studies by Tao 
suggested that monolayers on AgO are 
more ordered than their counterparts on 
AI 2 O 3 . Tao and coworkers [464] also re- 
ported the self-assembly of biphenyl- or 
naphthyl-containing alkanoic acids on the 
surfaces of Ag and Cu. Different behavior 
observed on Ag and Cu has been attributed 
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to site specificity, binding geometry, and 
binding strength, among other factors. 

Whitesides and coworkers [295] demon- 
strated the formation of orthogonal SAMs 
obtained by adsorption of alkanethiol on 
Au and alkanoic acids on AI 2 O 3 . SAMs 
were formed by exposing the clean grid 
to a mixture of CF 3 (CF 2 )gC 02 H and 
Cl(CH 2 )gSH, each ~ 1 pm, in isooctane 
for 24 h, which was then removed from 
solution and washed with hexanes. This 
technique provides control over the scale 
of the dimensions reached by the mi- 
crolithograpically generated features. 

Aluminum is commonly used as a met- 
allization layer in the microelectronics 
industry. Whitesides and coworkers [471] 
showed that octadecanephosphonic acid 
can be patterned on AI 2 O 3 /AI by pCP 
and that patterned structures are elec- 
trically similar to samples prepared by 
conventional photolithography and lift-off. 

The patterned structures resulting from 
etching are continuous and electrically 
conductive within each pattern, and sep- 
arated patterns are electrically isolated. 
Using p CP, Schottky diodes of aluminum 
have been prepared on p-type Si(100). Oc- 
tadecanephosphonic acids are air stable 
compounds that are known to form stable, 
ordered monolayers on metal oxide sur- 
faces [298, 435]. SAMs on the native oxides 
of aluminum [435, 472, 473] and copper 
or iron [435, 473] have been formed from 
alkanephosphonic acids. 

Alkanecarboxylic acids adsorb on AI 2 O 3 / 

A1 as the carboxylate anion, but this inter- 
action results in a weakly bound, easily dis- 
placed adsorbate [296, 297]. Schwartz and 
Bernasek [468-470] developed a method to 
increase the binding of SAMs of carboxylic 
acids on a hydroxide terminated AI 2 O 3 /AI 
surface by first priming the metal hydrox- 
ide surface with Zr alkoxide. This study 
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was, however, performed in ultrahigh vac- 
uum, and the reactivity of Zr alkoxides may 
limit its application to monolayers formed 
in solution. 

Dense, highly ordered monolayers can 
be prepared by the adsorption of oc- 
tadecanephosphonic acid onto nonporous 
ZrC> 2 , Ti 02 , AI 2 O 3 , and zirconated silica 
[436]. The surface bonding and confor- 
mational order of octadecanephosphonic 
acids adsorbed onto AI 2 O 3 , ZrC> 2 , TiC> 2 , 
and zirconated silica were characterized 
by solid-state NMR and IR spectroscopy. 
The results show that octadecanephospho- 
nic acid reacts strongly with AI 2 O 3 to 
form a bulk (aluminoalkyl)phosphonate 
[436]. Self-assembled octadecanephospho- 
nic acid layers were also prepared on 
a Si substrate by a solution spreading 
method and studied using AFM [483]. Oc- 
tadecanephosphonic acid molecules were 
found to be highly mobile, as evidenced 
by the experimental observation of a re- 
organization of layers and a formation of 
rodlike structures on bilayer surfaces at 
room temperature. 

Transparent nanoporous nanocrystal- 
line AI 2 O 3 films (4-/im thick, 14-nm 
diameter nanocrystals) supported on a 
microscope glass slide were prepared 
as described by Gratzel and coworkers 
[397]. The absorption spectra of AI 2 O 3 -RVS 
(R = phosphonated Ru complexes, V = 
viologen) are not significantly different 
from those of AI 2 O 3 -RVS in solution 
[304]. Furthermore, no visible emission is 
detected from AI 2 O 3 -RVS. Equally clearly, 
irradiation with the blue output of an Ar- 
ion laser (200 mW cm -2 ) for 15 s does not 
lead to a measurable change in the optical 
absorption spectrum of AI 2 O 3 -RVS. These 
findings, however, are not unexpected, 
since the bandgap of AI 2 O 3 is so large 
(about 9 eV) that are no conduction band 
states isoenergetic with the electronically 


excited state of the Ru component of 
Al 2 0 3 -RVs [304, 397], 

First attempts to apply SAMs for corro- 
sion protection were made with the use 
of alkanethiols on iron and copper [491]. 
Alkane mono- and diphosphonates were 
applied successfully to form well-oriented 
SAMs on aluminum [435, 472, 473], cop- 
per or brass [473], and iron or steel [473, 
477] . Immobilized molecules are able to act 
as adhesion promoters and corrosion in- 
hibitors. These investigations have shown 
that the phosphonic acid group is one of 
the best anchor groups for building stable 
SAMs on passivated iron [477]. 

Octadecanephosphoric acid (CH 3 
(CH 2 )i 7 OPO(OH) 2 ) and dodecanephos- 
phoric acid (OH-or CH 3 (CH 2 )iiOPO 
(OH) 2 ) have been shown to form SAMs 
on Ta 2 0 5 and Nb 2 0 5 [441, 442, 478-480], 
Using a combination of dedicated surface 
characterization techniques, the molecu- 
lar structure of these adlayers has been 
demonstrated to be similar to thiols on 
gold with an intermolecular spacing of 5 A 
(corresponding to 21 A 2 per molecule) and 
a tilt angle of the molecular axis of 30-35° 
relative to the surface normal [479]. The 
binding of the phosphate head group to the 
surface is believed to be through direct co- 
ordination between phosphate and metal 
cation and arguments have been given for 
the presence of both mono- and biden- 
tate binding of the phosphate group thus 
enabling the formation of a close-packed 
layer. 

The monolayer films of metal phosphate 
have been fabricated with divalent (Ca 2+ ) 
and tetravalent (Zr 4+ ) metal ions on the 
phosphoric acid (PA) modified substrates 
[482]. While Zr 4+ ions combined with PA 
monolayer maintain the positive charge 
as Zr 2+ , Ca 2+ combined with PA mono- 
layers forms a neutral surface. p-Type 
Si(100) wafers were used as a substrate 



for the SAMs. The cleaned Si substrates 
were immersed for 12 h at 70 °C in a 
fresh 1 : 1 mixed solution of 10 mM phos- 
phorus oxychloride (POCI 3 ) and 10 mM 
2,4,6-collidine in acetonitrile. These sub- 
strates were dipped into a 0.5 mM aqueous 
solution of Zr 4+ or Ca 2+ ions for 20 min to 
bind metal ions. Nanometer-scale pattern- 
ing on the self-assembled metal phosphate 
films has been achieved using AFM. 

Recently, there have been reports 
of the use of octadecanephosphonic 
acid (CH 3 (CH 2 )i 7 P 03 H 2 ) molecules to 
form monolayers on Si [483], mica 
[484-488], sapphire [489], and Ca hy- 
droxyapatite [490] surfaces. An Si wafer 
and a cleaved mica substrate were 
used as the support for preparing 
CH 3 (CH 2 )i 7 P 03 H 2 samples. A concen- 
tration of 5 mM CH 3 (CH 2 )i 7 PC> 3 H 2 so- 
lution in ethanol was used for preparing 
CH 3 (CH 2 )i 7 P 03 H 2 samples on the Si sur- 
face, while a 2-mM solution was used for 
formation on the mica surface [483]. When 
a diluted solution of CH 3 (CH 2 )i 7 PC> 3 H 2 
was used to wet the mica substrate, a 
monolayer of CH 3 (CH 2 )i 7 PC> 3 H 2 was ob- 
served using AFM. The headgroup of 
CH 3 (CH 2 )i 7 P 03 H 2 molecules is found to 
be bonded to the mica surface, resulting 
in a monolayer having a great potential 
for application as an ordered surface pro- 
viding hydrophobic chemistry [484-487]. 
The monolayers on a mica substrate is very 
stable upon heating at temperatures up to 
80 °C [488], indicating that the interaction 
between the hydrophilic headgroup and 
the mica surface is quite strong. 

Schwartz and coworkers [486] studied 
the growth kinetics of CH 3 (CH 2 )i 7 PC> 3 H 2 
on mica by examining films removed from 
solution before completion. Surface cover- 
age of submonolayer islands was extracted 
from AFM images as a function of im- 
mersion time for solution concentrations 
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from 0.02 to 2 mM. These data were com- 
pared to two models for diffusion-limited 
and adsorption-limited (Langmuir) kinet- 
ics. Russell and coworkers [487] studied 
the dynamics of self-healing of scratches 
made on CH 3 (CH 2 )i 7 P 03 H 2 monolayers 
employing AFM as the experimental tool. 
Scratch morphological evolution was fol- 
lowed as a function of time, at room 
temperature, for samples prepared by the 
drip coating and crystal melting methods. 
Self-healing, ranging from partial to com- 
plete was observed on drip-coated samples. 

Schwartz and coworkers [489] also 
extended their CH 3 (CFl 2 )i 7 P 03 H 2 SAM 
studies to a new substrate as sapphire 
(corundum). Sapphire, undoped single 
crystal of a-Al 203 , is widely used as 
a substrate for thin-film deposition of 
metals, semiconductors, or insulators. 
Several crystallographic faces of sapphire 
are available, two of which have been 
studied, namely, C-face (1000) and R- 
face (1102). Different growth kinetics were 
observed for the two crystal orientations, 
which could be related to the surface 
energetics [489]. 

Very little is known about surface modi- 
fication of nonoxide surfaces, such as that 
of inorganic phosphates, for example, cal- 
cium hydroxyapatite (Caio(PC> 4 ) 6 (OH )2 or 
CaHAP), the major mineral component of 
hard tissues (teeth and bones). Fadeev and 
coworkers [490] studied the surface mod- 
ification of CaHAP with organophospho- 
nic acids (R— PO 3 H 2 ). The solution-phase 
reactions of R— PO 3 H 2 (R = 

/Z-C 18 H 37 , and «-CgFi 7 F-(CH 2 ) 2 ) were 
studied with two types of CaHAP sub- 
strates: high surface area powder and thin 
films supported on Ti/Si wafers. Solu- 
tions of low concentration (~5-10mM 
or less) yielded covalently attached mono- 
layers supported on CaHAP. According 
to FTIR spectroscopy, the major products 
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of the reaction were organophosphonic 
groups bound to the surface via Ps~ O— P 
bonds. Modified surfaces showed good hy- 
drolytic and thermal stability [490]. 

1.7.4 

Organosilanization 
1.7. 4.1 General 

Silanes with the general formula, 
X4 — Si— R„ (where X represents a halide, 
alkoxide, or alkyl group; and R an 
organofunctionality), have been used for 
chemical modification and as coupling 
agents since the first reports by Murray 
and co workers [290] and others [242, 
265]. Organosilanes can act as a bridge 


between organic and inorganic layers. X 
is a hydrolyzable, a reactive leaving group 
that attaches the Si to the surface, the 
functional groups R are chosen to form 
protective layers, modified electrodes, or 
immobilize large functional groups such 
as biomolecules on surfaces [23, 283-289]. 
SAMs of organosilane derivatives require 
hydroxylated substrate surfaces for their 
monolayer formation. Substrates on which 
these monolayers have been prepared 
include Sn0 2 [242, 265, 290, 492-494], 
Ti0 2 [439, 440, 495-503], ZnO [503-505], 
ITO [347, 506-529], A1 2 0 3 [498, 530-532], 
and Si0 2 [533-575] as well as other oxide 
surfaces [440, 493, 501-503, 573-575] (see 
Table 6). 


Tab. 6 Examples of chemical modification of organosilane derivatives on various oxide surfaces 


Substrate 

Organosilanemolecule, X 4 _„— Si— R„ 

References 

SnC >2 

X 3 — Si— R; X = C 2 H 5 O, CH 3 O, Cl; R = (CH 2 ) 3 

NH 2 , (CH 2 ) 3 NHC 2 H 5 NH 2 , (CH 2 ) 2 CHCI 2 , 

C 2 H 5 C 5 H 4 N 

290 


(C 2 H 50 ) 3 — Si— (CH 2) 3 — R; R = 4-arylazo-l-naphtol 
NH 2 , aryl amine 

242, 265, 291 


Ru(bpy) 2 (/ 8 -( 4 -trichlorosilylethyl- 4 '-CH 3 -bpy) 2 + 

492 

SnC >2 or Fe 2 C >3 

CI 3 — Si— R; R = tridecafluoro-1 ,1 ,2,2-tetrahydrooctyl 

493 


Octadecyltrimethoxysilane, 

(CH 3 0)3— Si— (CH 2 )i 7 CH 3 

494 

Ti0 2 

(C 2 H50)2-Si(C 2 H5)2, (CH 3 0) 3 — Si— (CH 2 ) 2 CF3, 
(C 2 H 5 0) 3 — Si— CH=CH, and (C 2 H 5 0) 4 -Si 

495-497 

Ti0 2 or Zr0 2 

X 3 — Si— C 18 H 3 7 ; X = H, Cl, CH 3 O, (CH 3 ) 2 CI 

439, 440, 498 


Benzyltrimethylsilanes, (CH 3 ) 3 — Si— CH 2 PI 1 -R; 
where R = 3-CH 3 0, 4-CH 3 , 3-CH 3 , 3-CI, 4-CI, 4-F, 
or 3-CF 3 ) 

499 


(CH 3 0)3-Si-(CH2)3NHC 6 H 5 

500 

Ti0 2l Zr0 2 , Hf0 2 , 

H 3 — Si— R; R = Si H 3 , CigH 3 7 , CgHi 7 , 

501-503 

ZnO, NiO, AI 2 O 3 

(CH 2 ) 6 CH=CH 2 , (CH 2 ) 2 C 6 Fi 3 


ZnO 

(CH 3 0) 3 — Si— (CH 2 ) 2 (CF 2 ) 7 CF 3 

504 


(HO) 3 — Si— R; R = (CH 2 ) 3 , 7 CH 3 , (CH 2 ) 3 NH 2 , 
(CH 2 ) 3 SH 

505 

ITO 

(CH 3 0) 3 — Si— (CH 2 ) 3 NH 2 

506-508 


(CH 3 0) 3 — Si— R; R = (CH 2 ) 3 NH 2 , 

(CH 2 ) 3 N(CH 3 ) 3 + 

347 

ITO or Si0 2 

Octachlorotrisiloxane, Si 3 02 Clg 

509-511 


N(p-C 6 H 4 (CH 2 ) 3 SiCI 3 ) 3 and TPD-((CH 2 ) 3 SiCI 3 ) 2 

512-516 
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Tab. 6 ( continued ) 


Substrate 

Organosilanemolecule,X^-„—Si—R„ 

References 

ITO or Si0 2 

(C 2 H 5 0) 3 — Si— (CH 2 ) 3 NHC0 2 -TPA 
(triphenylamine) 

517 


3-[/\l-CH 3 -/V-4-(4-nitrophenylazo)phenyl-amino]- 

propylmethyldiethoxysilane 

518, 519 


(Dichloromethyl)dimethylchlorosilane 

520 


(CH 3 O ) 3 — Si — R; R = ethyl, allyl, 1-propanthiol 

521 


Octyltrimethoxysilane, (CH 3 0) 3 — Si - (CH 2 ) 7 CH 3 

522 


Cl 3 — Si— (CH 2 ) 2 (CF 2 ) 7 CF 3 

523 


Octadecyltrimethoxysilane, 

(CH 3 0) 3 -Si-(CH 2 ) 17 CH 3 

524-526 

ITO or Si0 2 

Docosyltrichlorosilane, Cl 3 — Si— CH 2 (CH 2 ) 2 oCH 3 

527, 528 


Cl 3 Si (CH 2 ) 7 , 37 , 2 i ch 3 

529 

ai 2 o 3 

10 -undecenyl- or 1 8-nonadecenyltrichlorosilanes 

530 

AI 2 C> 3 , Si0 2 , Ti0 2 

Octadecyltrichlorosilane, Cl 3 — Si— (CH 2 )i 7 CH 3 

498, 531, 532 

Si0 2 

Octadecyltrichlorosilane, Cl 3 — Si— (CH 2 )i 7 CH 3 

527, 533-541 

Si0 2 , Al 2 0 3 , Si 3 N 4 

Octadecyltrichlorosilane, Cl 3 — Si— (CH 2 )i 7 CH 3 

463, 542, 543 


X 3 — Si - R; X = CH 3 0, Cl; R = (CH 2 ) 2 (CF 2 ) 5 , 7 CF 3 , 
(CH 2 ) 37 CH 3 , (CH 2 ) 3 OCF(CF 3 ) 2 , (CH 2 ) 3 

NH(CH 2 ) 6 nh 2 

544-548 


(C 2 H 5 0) 3 — Si— (CH 2 ) 3 nh 2 

549-551 


4-Aminobutyl-dimethyl-monomethoxysilane 

552 


(3-Bromopropyl)trichlorosilane 

553-555 


Mono-, di-, and trichloroalkylsilanes, CI-SiMe 2 R, 

Cl 2 — SiMeR, Cl 3 — Si R; R = C 1 -C 4 , C 6 -C 8 , 

Cl0,12,orl8 

556-558 

Si0 2 or Al 2 0 3 

Cl 3 — Si— (CH 2 ) 3 -3-(pyridine-4-methyl)-urea 

559, 560 


Cl 3 — Si— (CH 2 ) 12 — R; R = carbazole, C0 2 CH 2 -R'; 

R' = phenyl, retinal, pyrene), and CH=CH 2 

561, 562 


(Chl 3 0 or Cl ) 3 Si (CH 2 ) 3 ,6,8,orloSH 

563-566 


p-Aminophenyltrimethoxysilane 

567 


Phenyltrichlorosilane, Cl 3 — Si— C 6 H 5 

568 


Cl 3 — Si— (CH 2 )h — 0— C 6 H 5 

569 


(CH 3 0) 3 — Si— R; R = (CH 2 ) 5 , 7 CH 3 , 

(CH 2 ) 6 CH=CH 2 , 3- (2-ami noethyl) -ami nopropyl 

570, 571 


CI 3 -Si-(CH 2 ) 2 (CF 3 ) 5 CF 3 ;CI 3 -Si-(CH 2 ) 3 , 17 CH 3 ; 
CI 3 -Si-(CH 2 ) 2 C 6 H 5 R (R = 4-H, 4-CI, 4-S0 2 CI); 
Cl 3 — Si— (CH 2 ) 3 R (R=CH 2 CI, CH 2 Br, CF 3 ); 

572 

CaHAP 

[(CH 3 ) 3 — Si ] 2 — NH 2 ; 

(CH 3 0) 3 — Si(CH 2 ) 3 0 2 CCH 3 =CH 2 

573-575 


1.7. 4. 2 Wide Bandgap Transparent 
Conducting Oxide Electrodes 

1.7. 4. 2.1 Sn02 It is known from chro- 
matographic [576] and other studies that 
the order of reactivity of halosilanes with 


silica is X 3 SiR > X 2 SiR 2 > XSiR 3 . This 
relationship was also observed with SnC >2 
surfaces in a series of reactions where 
X = Cl and R = methyl. The Si 2p band 
was most intense for SnC >2 treated with 
Cl 3 SiCH 3 , and least for ClSi(CH 3 ) 3 [290], 
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Silanization reactions were carried out in 
dry deaerated benzene or xylene. Electrode 
specimens were reacted under 50 ml of a 
ca. 10% solution of refluxing silane, under 
nitrogen, for several hours with trichlorsi- 
lanes to several days with triethoxysilanes. 
After reaction, the solution was decanted 
and the specimens were washed under 
nitrogen with several portions of fresh sol- 
vent [290]. Surface bonding depends on 
reactions of organosilane reagents with 
hydroxyl groups on SnC> 2 . 

For the amide-linked electrode, the 
cleaned SnC >2 or Ti02 electrodes were 
treated with y-aminopropyltrichloroe- 
thoxysilane, (C2HsO)3Si(CH2)3 NH 2 , in 
toluene to form the aminopropyl-modified 
SnC >2 electrodes [292] by the method de- 
veloped by Murray and coworkers [290]. 
As shown in Fig. 9, Fujihira and cowork- 
ers [265, 291, 292] have tried to increase 
the surface coverage of the amide-linked 
organic dyes such as RhB— COOH or 
TPP(COOH )4 and ultimately to increase 
the sensitized photocurrent by improving 
yields of the silanization reaction. On the 
average, two of the four —COOH groups 
of TPP(COOH )4 might be bound to Sn02 
[292]. If the chemical modification of elec- 
trode surfaces are applied to the solar cells, 
the sensitizers should be bound as close 
to the electrode surfaces as possible in 
order to increase the efficiency of spectral 
sensitization [291]. 


Since the mid-1970s, the surface attach- 
ment of electroactive molecules to modify 
electrode properties has been studied very 
extensively and chemicals with various 
properties have been immobilized [284]. 
Ghosh and Spiro [492] have used this 
approach to covalently attach Ru(bpy) 3 2+ 
to H-type SnC >2 via condensation of sur- 
face hydroxyl groups with Ru(bpy)2(yS-(4- 
trichlorosilylethyl-4 , -CH3-bpy) 2+ and have 
studied electrochemistry and photochem- 
istry of the coated electrodes. Organosi- 
lanes spontaneously react with hydrox- 
ylated surfaces to form films of spe- 
cific chemical functionality for a variety 
of applications. For example, the util- 
ity of the thermally generated organosi- 
lane masks was demonstrated through 
selected area deposition of sol-gel de- 
rived materials such as Sn02 [493]. 
Such thermal lithographic method is 
a new approach to patterning surfaces 
[494], 

1.7. 4. 2. 2 TiC >2 and Zr02 A series of 
silanes on clean and water-dosed T 1 O 2 
(110) surfaces were investigated by Camp- 
bell and coworkers [495-497]. The sim- 
plest molecule, tetraethoxysilane (TEOS), 
consists of a central Si atom bound to 
four ethoxy (EtO) groups. At low cover- 
ages, it readily dissociates, splitting off 
one or several EtO groups. Multilayers 
form at high dosages at low temperatures 
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Fig. 9 Schematic presentation for formation of aminopropyl-modified Sn0 2 
electrodes with organic dyes such as TPP(COCI )4 [292], 



[495]. Vinyl- and diethyldiethoxysilanes 
also dissociate on T 1 O 2 surface in the 
absence of water by splitting off two 
EtO groups [496], (C 2 H 5 0 ) 3 Si(CH 2)3 NH 2 
(with a (CH 2 ) 3 -NH 2 group substituting 
one EtO in TEOS) does not dissociate on 
Ti0 2 in any measurable quantity [496]. 
(CH 30 ) 3 — Si— (CH 2 ) 2 CF 3 turned out to be 
more reactive than ethoxysilanes consid- 
ered. This molecule also adsorbs disso- 
ciatively by splitting off — OCH 3 groups. 
Spectroscopic data showed that these bind 
to exposed Ti sites, and that the Si in the 
remaining (CH 3 O— Si— (CH 2 ) 2 CF 3 ) com- 
plex binds to two lattice oxygens (two bridg- 
ing oxygen atoms in the proposed model) 
[497]. Methoxysilanes are more reactive 
with TiC >2 (110) than ethoxysilanes [497]. 

Fadeev and coworkers [439, 440] have 
studied the reactions of octadecylsilanes 
with different head groups (X 3 SiCi 8 H 37 , 
X = H, Cl, CH 3 O) with surfaces of Ti0 2 
and Zr0 2 . According to the rate con- 
stants [439], the following range of re- 
activity was established: Ci 8 H 3 7 SiCl 3 >> 
C 18 H 3 7 PO(OH ) 2 > C 18 H 37 Si(CH 3 ) 2 Cl > 
Ci 8 H 37 Si(OCH 3 )3 > Ci 8 H 37 SiH 3 . They 
also studied the reactions of different end- 
functional organosilicon hydrides (T^SiR, 
R=(SiH 3 , (CH 2 ) 2 C 6 F 1 3 , (CH 2 ) 6 CH= 
CH 2 , C 8 Hi 7 , Ci 8 H 3 7 ) with TiC> 2 , Zr0 2 , 
and HfC >2 as well as other metal oxides 
(groups II-VIII) [501, 503], Accord- 
ing to the rate constants, the follow- 
ing range of reactivity was established: 
H 3 Si(CH 2 ) 8 SiH3 > H3Si(CH 2 )2C 6 Fi3 « 
H 3 SiC 8 H 17 > H 3 SiCi 8 H 37 [501]. All the 
SAMs good thermal stability and no mass 
loss were observed below ~200 °C in air 
[439, 501]. The structure of the monolay- 
ers and the reaction mechanisms were 
discussed in detail [501, 503]. 

An organic solvent free heterojunction 
of «-Ti 02 /p-polyaniline (PANI) with en- 
hanced photovoltaic properties could be 
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constructed by chemical polymerization 
of aniline followed by covalent grafting 
via (CH 3 0 ) 3 -Si-(CH 2 ) 3 NHC 6 H 5 com- 
pound [500]. PANI was able to sen- 
sitize TiC >2 efficiently in the presence 
of SAM. In recent years, many mecha- 
nistic details have been collected about 
this Ti 02 -sensitized photooxidative pro- 
cess starting with benzylic derivatives such 
as alcohols and silanes) in CH 3 CN [499]. 

B enzyltrimethylsilane s, ( C H 3 ) 3 SiC H 2 Ph- 
R; where R = 3-CH 3 0, 4-CH 3 , 3-CH 3 , 

3-C1, 4-Cl, 4-F, 3 -CF 3 ) were used. 

1. 7. 4. 2. 3 ZnO A simple method of 
electrochemical deposition was adopted 
to prepare conductive hydrophobic ZnO 
thin films [504]. These ZnO films were 
fabricated by overpotential electrochem- 
ical deposition at room temperature, 
and the surface modified by a (flu- 
oroalkyl) silane showed superhydropho- 
bic properties. The prepared thin films 
were treated with a methanol solu- 
tion of hydrolyzed (heptadecafluorode- 
cyl) trimethoxy silane (CH 30 ) 3 Si(CH 2)2 
(CF 2 ) 7 CF 3 , 1.0 wt %) for 3h and subse- 
quently heated at 100 °C for 1 h. Wettabil- 
ity studies revealed that the surface of the 
as-prepared thin films showed a contact an- 
gle (CA) for water of 128.3 ± 1.7°, whereas 
the superhydrophobic surface with a wa- 
ter CA of 152.0 ±2.0° was obtained by 
(fluoroalkyl) silane modification [504]. 

In addition, molecular dynamics simu- 
lations at 298 K were used to study the 
interaction of adsorbed silane molecules 
(octyltrihydroxysilane, butyltrihydroxysi- 
lane, aminopropyltrihydroxysilane, and 
thiolpropyltrihydroxysilane) with the po- 
lar ZnO(OOOl) surface [505]. Kornherr and 
coworkers [505] have compared a model 
of a reconstructed surface with a model 
of ideal bulk terminated surface. Surface 
morphology is shown to have little effect 
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on the orientation of silane adsorbates 
(except thiolpropyltrihydroxysilane), with 
adsorption energy being correlated with 
the surface polarity. 

1.7. 4. 2.4 ITO Mirkin and cowork- 
ers [506] have reported the first 
SAMs of C 6 o attached onto 3- 
aminopropyltrimethoxysilane ( (C H 3 O) 3 
Si(CH 2 ) 3 NH 2 )-modified ITO electrode. 
The ITO surface was first deriva- 
tized to form a positively charged 
layer of pH-insensitive and redox-inactive 
-CH 2 CH 2 CH 2 N(CH 3 ) 3 + groups by sily- 
lation [347]. These substrates were then 
alternatively immersed in a polyanion and 
then a polycation solution. Fukuzumi and 
coworkers [507, 508] have recently reported 
the first photogeneration by ITO modified 
chemically with SAMs of porphyrin-C 6 o 
linked molecules (H 2 P-C 60 /ITO) and its 
zinc complex (ZnP-C 6 o/ITO). In addition, 
only a small number of studies have been 
reported that aim at attaching alkyl chains 
onto ITO surfaces via silane chemistry 
[522-529]. The general conclusion of these 
studies is that the formation of densely 
packed defect-free SAMs on ITO is diffi- 
cult due to the high surface roughness and 
low hydroxyl coverage. 

Patterning ITO electrode is convention- 
ally achieved via photolithography. Other 
methods of patterning ITO have been ex- 
plored as cost-efficient alternatives. Marks 
and coworkers [528, 529] have described 
“hot microcontact printing” to form pat- 
terned Cl 3 -Si-(CH 2 ) 7 ,i 7 , 20 , 2 iCH 3 and 
Cl 3 — Si— (CF 2 ) 5 CF 3 -based SAMs on ITO 
that modulate the luminescence of OLEDs 
[528, 529]. The ease of preparation of these 
monolayers, combined with the ease of pat- 
terning and their high etch resistance, will 
open the way to their use as commercially 
important etch resists [523]. 


Armstrong and coworkers [510, 511] 
have reported the use of layer-by-layer, self- 
limiting chemisorptive octachlorotrisilox- 
ane (Si 302 Cls) self-assembly techniques to 
introduce robust, conformal, microstruc- 
turally/ electronically well-defined charge 
injection dielectric layers at ITO/HTL 
interface of OLEDs. Preparation and depo- 
sition of self-assembled siloxane dielectric 
layers were described [509]. 

Marks and coworkers [512-515] 

have demonstrated that a spin- 

coated, N(p-C 6 H 4 (CH 2 ) 3 SiCl 3)3 and TPD- 
((CH 2 ) 3 SiCl 3)2 derived adhesion/injection 
interlayers at ITO/HTL interface of 
the devices. They have also reported 
that chemically tuning the interface 
structure represents an effective approach 
to studying nanoscale injection layers 
and yields with high efficiency 

(^70000 cd m -2 ), low turn-on voltages 
(~4 V), and high current efficiencies (~8 
cd/A) [516]. 

Functionalized alkylsilanes, such as 
(CH 30 ) 3 Si(CH 2 ) 3 NH 2 , have been used 
mainly for attaching dye molecules such 
as triphenylamine [517] and azobenzene 
derivatives [518, 519]. The grafting of 
molecular dipoles at the surface of ITO 
anode has been found to lead to a 

significant lowering of the injection barrier 
[518]. However, this lowering is not as 
large as expected from a naive estimate, 
which is due to the fact that the dipoles 
are not densely packed and do not stand 
perfectly perpendicular to the electrode 
surface. Silanization of ITO using short- 
chain alkylsilanes [520, 521] was reported 
and shown to be anchor with a good 
stability on ITO. 

1.7. 4. 3 Large Bandgap Oxide Electrodes 

Octadecyltrichlorosilane, CI 3 Si(CH 2 ) 17 
CH 3 , have been patterned on AI 2 O 3 and 
Ti 02 as well as Si 02 surfaces by /xCP [498, 



530-532, 535-539, 541, 557, 567]. SAMs 
have also been patterned on a number of 
substrates: AI/AI 2 O 3 , Si/SiC> 2 , TiN/Ti 02 , 
glasses (for example, glass microscope 
slides), ITO, and plasma-modified poly- 
imide [531]. The patterns were transferred 
into the substrates using both dry and wet 
etching. The Al and Ti were etched us- 
ing electron cyclotron resonance plasma 
source and Si was etched in HF to remove 
the native oxide, followed by KOH [498]. 
/xCP using octadecyltrichlorosilane ink is 
a convenient and easy way to pattern both 
metal and nonmetal (AI 2 O 3 , SiC> 2 ) surfaces 
without the extended use of photolithogra- 
phy. 

One of the most useful classes of 
SAMs is that formed by alkanesilanes 
such as Cl 3 Si(CH 2 )i 7 CH 3 on hydroxyl- 
terminated surfaces with a native oxide, 
such as AI/AI 2 O 3 [463, 530-532, 542] and 
Si/Si0 2 [288, 527, 533-538, 543], Al easily 
passivates in the presence of air forming 
a thin AI 2 O 3 overlayer ca. 40-60 A thick, 
which protects the underlying metal [463]. 
The oxide overlayer completely covers and 
is firmly adherent to the underlying metal 
surface. The AI 2 O 3 layer formed either 
by air oxidation or by electrochemical 
anodization is amorphous and is referred 
to as a-AhC^, but upon heating, this 
form of oxide changes to a harder 
crystalline form known as y-Al 2 C >3 [463]. 
Cleaned Si(100) wafers are oxidized in 
a freshly prepared 4 : 1 mixture of 96% 
sulfuric acid and 30% hydrogen peroxide 
(piranha solution) at 100 °C [534]. After 
the substrates have been allowed to cool 
to room temperature, the samples were 
rinsed with deionized water and dried in 
vacuum. The oxidized Si samples were 
immersed into a freshly prepared solution 
of Cl 3 Si(CH 2 )i 7 CH 3 in dried toluene at 
room temperature [534]. 
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Trichlorosilane (Cl 3 Si(CH 2 )i 7 CH 3 ) 

SAM films having — CH 3 and — CH 2 Br 
terminal functionalities were grown on 
oxidized Si surfaces, HF-treated silicon 
nitride surfaces, and FlF-treated Si 3 N 4 
probe tips [537]. Experimental data sug- 
gested that the monolayers formed on 
oxygen-depleted Si 3 N 4 surfaces are sim- 
ilar to those formed on oxidized Si [537]. 
While S— Au bond is mostly charge trans- 
fer in nature, the “headgroup-substrate” 
interaction of the silane and SiC >2 sur- 
face is quite different; here, the silane 
molecules condense with native hydroxyl 
groups adorning the SiC >2 surface, forming 
a thin layer of covalently linked polysilox- 
ane at the interface [577]. This small 
polymer interface is much more thermally 
stable than its RS— Au counterpart, thus af- 
fording greater stability and an extremely 
robust system. 

Films made from fluorinated alkylsi- 
lanes have been studied and they were 
found to yield well-ordered monolayers 
on Si substrates with the native oxide 
[544-548]. Sugimura and coworkers [545, 

548] have studied the relations between 
the fluoroalkyl chain lengths of the fluo- 
roalkylsilane molecules and properties of 
the films produced, including thickness, 
water repellency, chemical properties, and 
morphology. They [546] have also demon- 
strated nanostructuring of insulator based 
on current-injecting AFM lithography. In 
addition, microstructures composed of two 
types of organosilane SAMs terminated 
with different functional groups have been 
constructed on Si substrates covered with 
native oxide [547]. Surface potential images 
of these microstructures were acquired by 
Kelvin-probe force microscopy. 

Lieber and coworkers [549] have re- 
ported systematic force microscopy stud- 
ies of the interactions between different 
chemical functional groups covalently 
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linked to a probe tip and sample sub- 
strate. In order to study the interactions, 
they have utilized monolayers of 11 - 
mercaptoundecanoic acid on the probe tip 
and (C 2 H 5 0 ) 3 -Si-(CH 2 ) 3 R (R = NH 2 , 
COOH, and CH 3 ) on the Si(100) substrate 
[549-551]. Adhesion studies between 
SAMs which terminate with COOH and 
CH 3 functional groups have shown that 
the interaction between COOH/COOH > 
CH 3 /CH 3 > COOH/CH 3 [549]. 

Surface modification can be achieved 
by binding of different substituted 
alkylsilanes at the surface. SAMs have 
been reported from alkyltrichlorosilanes 
with terminal groups of amine [552, 
570], halogen [553-555, 572], alkyl 

(C1-4, 6-8, 10, 12,is) [556-558, 570-572], 

3- (pyridine-4-methyl)-urea [559, 560], 

carbazole [561], vinyl [561, 570], C0 2 CH 2 - 
R' (R' = phenyl, retinol, pyrene) [561, 562], 
thiol [563-566], p-aminophenyl [567], 

4- chlorosulfonylphenyl [572], and phenyl 
[568, 569, 572]. SAMs with low surface 
free energy have been prepared using 
partially fluorinated alkylsilanes [544, 545, 
572]. When alkyltrichlorosilane is used, 
Si— Cl bonds react with the OH groups 
present on the surface of the substrate 
to form a siloxane network. The structure 
of alkylsilane SAMs on Si have also been 
studied [463, 527, 533, 547, 549, 556, 563], 

Surface modification reactions are im- 
portant not only for engineering of surface 
energy and interfacial properties such as 
wetting, adhesion, and friction, but also 
for providing active surfaces for the attach- 
ment of molecules with different proper- 
ties such as polymers [552], ruthenium 
phthalocyanine (RuPc) [560], 7 r-electron 
moieties [561], and deoxyribonucleic acid 
(DNA) [566, 570]. Organosilanes with 
more than one reactive group have the po- 
tential of binding to more than one surface 


site [556]. In addition, the use of organosi- 
lanes, mostly triallcoxysilanes, for surface 
modification of nonoxide surfaces such as 
CaHAP and Ca phosphate ceramics has 
been described [573-575]. 

Cahen and coworkers [553, 554] have 
reported that self-assemblies of organosi- 
lanes can be used to tune the electronic 
properties of Si surfaces. Batlogg and 
coworkers [572] have more recently re- 
ported controllable shift of the threshold 
voltage and the turn-on voltage in pen- 
tacene thin-film transistors and rubrene 
single crystal field effect transistors (FETs) 
incorporating nine organosilanes with dif- 
ferent functional groups (see Table 6 ). 
Prior to the depositing the organic semi- 
conductors, organosilanes were applied to 
the Si0 2 gate insulator from solution and 
form a SAM. Si wafers were immersed for 
3 h in a 3 mM solution of the organosilane 
in anhydrous toluene and then cleaned 
in fresh toluene for 2 min. The observed 
shifts of the transfer characteristics range 
from —2 to 50 V and can be related to 
the surface potential of the layer next to 
the transistor channel. This shift is gov- 
erned by the build-in electric field of the 
SAM and can be explained using a simple 
energy level diagram [572]. 

1.7.5 

Potential Applications 

Starting from the pioneering works of 
chemical modification of TCO electrodes 
[242, 265, 290, 291], a lot of application pos- 
sibilities have been developed. These elec- 
trodes are widely applied in electrochem- 
istry and electrocatalysis. Electrochemical 
studies on chemically modified oxide elec- 
trodes have been discussed in details in 
Refs. 283-285. Recent developments in 
optoelectronic and photovoltaic device sys- 
tems require control of the chemical and 



physical as well as photophysical proper- 
ties of TCO thin films used as electrodes 
[254, 255, 275-277]. The following section 
gives some examples of the applications of 
chemically modified oxide electrodes for 
controlling the performance of optoelec- 
tronic and photovoltaic devices based on 
organic materials. 

1 .7. 5.1 Tuning the Work Function 
of Electrodes 

Contact potential difference (CPD) for 
clean metal surfaces is given by the 
difference in the work functions of the 
two materials. The work functions can be 
changed by adsorption of molecules with 
different dipole moments [276]. In a simple 
model, the contact potential between the 
two materials is Vcpd = — ($ t — </> i)/e, 
where <pi and cf >2 are the work functions of 
the conductors including changes due to 
the adsorbed layers. 

Large surface potential difference was 
observed between fluorocarbon (FC) and 
hydrocarbon (HC) covered water surfaces 
by Vogel and Mobius [578]. Similarly, 
the CPD due to large work function dif- 
ference was observed between FC and 
HC covered gold, SiC> 2 , and ITO sur- 
faces with scanning surface potential mi- 
croscopy (SSPM) [276, 579-584], These 
experiments were carried out to determine 
the phase-separated structure of a mixed 
monolayer of FC and HC amphiphiles 
ion-complexed with a cationic polymer 
deposited on Si(100) observed by friction 
force microscopy [582]. Artificial photosyn- 
thetic molecular systems were also studied 
with various scanning probe microscopes 
including SSPM [584]. Later, Campbell 
and coworkers [585, 586] applied the large 
work function difference between FC and 
HC on silver to control Schottky energy 
barriers in organic electronic devices. The 
work function of ITO was increased more 
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than 0.5 eV by changing a surface cov- 
ering pure monolayer from HC to FC 
with a terminal group CF 3 — [276, 580]. 

Two dipole layers with large electric dipole 
moments have been introduced at the sur- 
faces [578-586] via a binding group (X—) 
and a terminal group (— Y). The molecular 
control of work functions of other semi- 
conductors, such as CdTe, CdSe, GaAs, 
and InP, than ITO were also reported us- 
ing benzoic acid [587] and dicarboxylic acid 
derivatives [451]. 

The work function control by alloy 
formation [588-592] and by the surface 
modification has been applied to enhanced 
charge injection at electrodes for OLEDs 
[306-313, 324, 325], electrochemical [314] 
and photovoltaic (PV) cell studies [308, 

316]. In this molecular design, we prefer 
7z -conjugated systems to alkyl chains as 
the 71 -conjugated linkage can reduce the 
barrier heights for charge injection [291, 

292, 584, 593]. Selection of bonding 
modes of molecules with high permanent 
dipole moments is also important because 
additional dipole is created through the 
bonding [277, 312] in the same way as 
in chemical adsorption of acids and bases 
[311, 335-337, 594]. 

Recently, we reported that the chemical 
modification of ITO with different binding 
groups (— SO 2 CI, — COC1, and — PO 2 CI 2 ) 
of p-substituted (H— , Cl—, and CF 3 — ) 
benzene derivatives leads to enormous 
increase in ITO work function [312]. Bind- 
ing site and terminal group are linked 
by «-alkylene or p-phenylene group as 
shown in Fig. 10(b) and (c). In Fig. 10(a), 
expected energy diagrams are also shown. 
Directions of two dipole layers are prefer- 
able for enhanced hole injection. The 
increases in work function due to dipoles 
of binding and terminal groups are Ai 
and A 2 , respectively. The vector addition 
of the component dipole moments holds 
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Vacuum level 



(c) 

Fig. 10 Schematic illustration of (a) the energy diagram near the 
interface between a N, N'-diphenyl-TV. N'-bis(3-methylphenyl)- 
1 , l'-biphenyl-4,4'-diamine (TPD) film and an ITO anode chemically 
modified with various compounds with a binding site (X—) and a 
terminal group (— Y) linked with (b) p-phenylene or (c) n-butylene. 

A total : a shift of a vacuum level at the ITO/TPD interface due to two 
dipole sheets (Ai and A 2 ) formed by chemical modification of ITO. 

< po : work function of ITO without dipole layers. <j> e ff : effective work 
function of ITO after chemical modification [312], 

in general [595]. The barrier heights of n- the variety of these groups studied [292]. 
alkylene (dashed) and p-phenylene (solid) It is obvious from the energy diagram 
were estimated from our previous photo- that p-phenylene is better than n -butylene 
electron spectroscopic data [596, 597]. In because of the lower barrier height for hole 
contrast, the barrier heights for binding injection. 

sites and terminal groups are more arbi- The change in work function due 
trarily and schematically drawn because of to chemical modification of ITO was 




7.7 Chemically Modified Oxide Electrodes 


311 


observed by SSPM [579-581] using 
gold-coated atomic force microscopy tips 
derivatized with 1-decanethiol. The mod- 
ified tips gave reproducible results. In 
Fig. 11(a), CPD values observed on ITO 
modified with benzoyl chlorides with H— , 
Cl—, and CF 3 -terminal groups in para 
position are shown. For comparison, the 
CPDs of as-cleaned, heat-treated, and 
UV-ozone treated ITO measured with the 
same modified tip are also plotted. The 
CPD decreases with the increase in the 


work function of ITO [276]. As we would 
expect, the work function of ITO increased 
as the permanent dipole in the para posi- 
tion increased. 

In order to tune the work function of 
ITO fine, the effect of binding groups 
on the work function was also studied. 
In Fig. 11(b), CPD values observed on 
ITO chemically modified with — SO 2 CI, 
— COCl, and — PO 2 CI 2 binding groups of 
p-chlorobenzene derivatives. The large de- 
crease in CPD down to ~ —770 mV, thatis, 



ITO UV-oz. H“ cr cf 3 


(a) Terminal groups 



ITO UV-oz. -S0 2 CI -COCl -P0 2 CI 2 


(b) Binding groups 

Fig. n The change in contact potential difference of modified ITO 
as a function of (a) benzoyl chlorides with various terminal groups 
and (b) — SO 2 CI, —COCl, and — PO 2 CI 2 binding groups of 
p-chlorobenzene derivatives [312], 
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the increase in the work function of ITO, 
was observed with — PO 2 CI 2 , while the 
moderate decreased values of CPD, that is, 
~ —350 and ~ —270 mV, were observed 
with — COC1 and — SO 2 CI, respectively. 
Even on the latter modified ITO anodes, 
the work function increase was greater 
than that on the UV-ozone treated ITO. 
The effect of the binding group on work 
function has not been studied systemat- 
ically so far except the study described 
in Ref. 312. However, the results shown 
in Fig. 11(b) can be compared with the 
work function change of ITO treated with 
various acids [335], where the electrical 
double layer was created by formation of a 
double ionic surface layer. The work func- 
tion shifts with respect to nontreated ITO 
were reported to be 0.7, 0.4, and 0.1 eV for 
H 3 PO 4 , HPF 6 , and HNO 3 , respectively. 
In the double ionic surface layer model 
[335-337], large counter anions should 
increase the surface dipoles, since their 
charge will be sterically separated further 
away from the protonated positive surface. 
This picture was applied to the difference 
between HPFg and HNO 3 , while the enor- 
mous shift for H 3 PO 4 was rationalized by 
specificity of this acid whose two protons 
at least were considered to bind to the sur- 
face thus increasing the adsorbed dipole 
[335], 

The molecular approach allows for fine- 
tuning the work function using organic 
molecules on ITO depending upon mag- 
nitude and direction of the dipole moment 
[312]. The work function can be changed 
when surface dipole is oriented as shown 
in Fig. 12. An interface dipole with its neg- 
ative end pointing toward the organic layer 
and its positive site toward the electrode 
surface increases ITO work function (i.e. 
the Fermi energy is down) and HOMO 
energy level in the organic layer is up by 
adding an electrostatic energy. As a result, 


the hole injection barrier rf^ is reduced 
(Fig. 12b). Reversing the direction of the 
dipole, we can reduce the work function, 
and thus the electron injection barrier, (f> e , 
as shown in Fig. 12(c). Thus, the work 
function increase (or decrease) is asso- 
ciated with enhanced hole (or electron) 
injection [312, 331, 338]. Various possible 
origins for interface dipoles formed at the 
interfaces have been proposed [275, 598]. 

Although various inorganic treatments 
have been shown to change the work 
function of ITO [330-337], these proce- 
dures do not easily lend themselves to 
adjustable modification of ITO surface. 
With molecules carrying a high dipole 
moment oriented perpendicular to the 
surface, it has been observed that total in- 
terface dipole can be rather easily tuned by 
changing chemically the magnitude of the 
molecular dipole moment [598], Impres- 
sive tests of the dipole layer on electrode 
surfaces have been conducted with use of 
SAMs of p-substituted arylthiols on Au 
[599] or Cu [585], p-substituted benzoic 
acids on CdTe, CdSe, GaAs [451, 587], Ti 02 
[430], and ITO [308, 594] as well as both 
p- and o-substituted phenols on modified 
ITO with tetra(tert-butoxy)tin [339]. 

1. 7. 5. 2 Correlation of Device Performance 
with Changes in the Work Function 

The increasing level of research and device 
development activity involving a variety 
of organic, often molecular, interfaces, 
and their modification using organic- and 
inorganic-induced surface dipoles [275, 
276, 600] has tested the fundamental 
understanding of basic surface energet- 
ics, which was developed primarily for 
well-defined, clean, mostly nonmolecular 
inorganic surfaces and interfaces [601]. 
In addition, the nature of developments 
in what are often called organic electron- 
ics [602-604], molecular electronics [593, 
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(c) (SAM) 


Fig. 12 Schematic energy level diagram of the impact of the formation of an 
interface dipole at an ITO/organic semiconductor (OS) interface: (a) the barrier 
in the absence of the dipole layer; (b) and (c) reduction of the hole injection and 
the electron injection barrier, respectively, in the presence of the interface dipole 
layer on the surfaces of ITO. Here, the interface dipoles with opposite sign are 
directed toward the ITO surfaces (b) increasing and (c) decreasing the work 
function of ITO. 

605-607] and dye-sensitized solar cells from different providers [269, 612, 613]. 
[253, 265, 291, 608-610], including organic In Table 7, we summarize the experimen- 
molecules on more traditional surfaces tal values of CPDs for ITO modified with 
[611], has tested the ability to make the various binding groups of p-substituted 
“classical” understanding available to spe- benzene derivatives [312]. The values of 
cialists from areas other than that of CPD were reported to be ~ —60 mV and 
surface science. ~ —190 mV for as-cleaned and UV-ozone 

To achieve enhanced hole injection from treated ITO, respectively. Schematic en- 
ITO anode, its Fermi level must be aligned ergy diagram used for a two-layer organic 
with the highest occupied molecular or- electroluminescent (EL) device [590] and 
bital (HOMO) of the adjacent organic film, the range of ITO work functions estimated 
However, the work function of ITO is gen- by CPD values [312] are shown in Fig. 13. 
erally not sufficiently large for the contact As-received a bare ITO work function is 
to be Ohmic and so there is a barrier to considered to be in the range 4.4-4. 6 eV 

carrier injection. The work function of ITO [612, 613]. 

measured by UPS has a consistent value We have demonstrated that ITO surface 
of 4.5±0.1eV, even though originating modification, by SAM formation, with H— , 
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Tab. 7 Work function 0 of SAM modified ITO with — SO 2 CI, — COCI, and — PO 2 CI 2 binding groups 
of p-chlorobenzene derivatives estimated from Vcpd and the work function of 4.5 ± 0.1 eV for 
cleaned ITO [312] 



Terminal groups 


Binding groups 

y-c 6 h 5 coci 

Vcpd(V) 

<t>ITO-SAM(eV) 

p-CIC 6 H s -X 

Vcpd O') 

<t>ITO-SAM(eV) 

H- 

0.21 ±0.01 

4.71 ±0.1 

- so 2 cl 

0.27 ±0.01 

4.77 ±0.1 

ci- 

0.35 ±0.01 

4.85 ± 0.1 

- COCI 

0.35 ±0.01 

4.85 ± 0.1 

cf 3 - 

0.45 ±0.01 

4.95 ± 0.1 

- po 2 ci 2 

0.77 ±0.01 

5.27 ±0.1 


(a) 


LUMO: 2.3 eV 


TPD 


ITO 

4.5 ±0.1 eV 


Electrons, e 
ILUMO: 3.0 eV 


Alq 3 


V 


/TV 


|HOMO: 5.4 eV 

~o7 

Holes, h + q\ 
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Li:AI 
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Al: 4.2 eV 

C 6 H 5 COOLJ 
(2 nm) 



4.5 

C 

O 
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’ 2 oi 2 


[590] (ITO/TPD/Alq 3 /C6H 5 COOLi(2 nm)/AI, where Alq 3 is a 
tris(8-hydroxyquinoline) aluminum) and (b) values of estimated work function for 
chemically modified ITO from the results of CPD measurements [312], 


Cl—, and CF 3 -terminated benzoyl chlo- Dipole-induced work function change of 
rides increases its work function by ca. ITO is related to dipole moment of 
0.21, 035, and 0.45 eV, respectively [312], the assembled molecules, fi [311]. The 












order of the magnitude of the perma- 
nent dipole moments is expected to be 
MCF3- > + cl- > MH- [312, 451, 578, 599, 
614]. Substitution of benzoic acid in para 
position with moieties of varying electron- 
withdrawing or -donating capability is well 
known to alter both intramolecular dipole 
moment and acidity of carboxylic acid 
group [337, 615, 616], The para substi- 
tution can be varied to such an extent that 
the dipole moment of substituted benzene 
(part of the carboxylic acid) is directionally 
reversed, that is, for — OCH 3 function- 
alization fi = — 1.2 D vs. /x = +2.82 D 
for — CF 3 . [451, 617]. Thus, in general, 
electron-withdrawing substituents lead to 
increased work function in comparison 
to benzoic acid treatment and electron- 
donating substituents, which yield de- 
creased the work function. 

In our improved EL devices [277, 312, 
331, 354, 590, 591], holes injected from 
ITO anode into TPD HTL first reach to 
the TPD/Alq 3 interface and then injected 
further into Alq 3 layer, while electrons 
injected into the Alq 3 layer move toward 
the TPD/Alq 3 interface and are blocked 
at the interface, as shown in Fig. 13(a). 
If the electron and hole injections are 
well balanced, almost all these charges 
with opposite signs are recombined inside 
the emission zone near the TPD/Alq 3 
interface inside the Alq 3 layer [331, 
618]. The optimization of thickness of 
Li benzoate was examined and when the 
thickness of Li benzoate was ca. 2.0 nm 
the lowest turn-on voltage was observed 
(Fig. 13a). 

We have studied the effect of two dipole 
layers, that is, those of binding site and 
terminal group, on work function of ITO 
and EL characteristics using p-phenylene 
linkage [312]. The EL characteristics, in 
particular the drive voltages, which were 
well correlated with the change in work 
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function, were dramatically improved by 
the chemical modification [277, 312, 313]. 

I— V and luminance -current density 
(L — I) characteristics of the ITO/ 
TPD(75 nm)/Alq 3 (75 nm)/C 6 H 5 COOLi 
(2 nm) /Al devices with ITO modified with 
benzoyl chlorides with various terminal 
groups in the para position are shown in 
Fig. 14. In Fig. 14(a), the turn-on voltages 
shift to less bias voltage with the increase 
in the permanent dipole moment of the 
terminal group, which directs toward the 
ITO electrode. The drive voltage was most 
effectively reduced when CF 3 -terminated 
benzoyl chloride was used. With ITO mod- 
ified with Cl-terminated benzoyl chloride 
having the intermediate dipole moment, 
the characteristics became better than 
those with UV-ozone treated ITO. Even 
on the modified ITO with H -terminated 
benzoyl chloride without any appreciable 
dipole moment in the para position, the 
characteristics were better than those on 
cleaned ITO. In terms of EL efficiency 
shown in Fig. 14(b), however, the interme- 
diate Cl-terminal group gave the highest 
performance suggesting that the best bal- 
ance between electron and hole injection 
[331] was attained on this modified elec- 
trode. In addition to p-terminated benzoyl 
chlorides, «-nonanoyl- and «-palmitoyl 
chlorides were also used for chemical mod- 
ification of ITO [313]. 

In Fig. 15, I— V and L— I characteristics 
of the EL devices with ITO chemically 
modified with p-chlorobenzene derivatives 
with — COC1, — SO 2 CI, and — PO 2 CI 2 
binding groups are compared with those of 
the devices with as-cleaned and UV-ozone 
treated ITO. All binding groups lowered 
the drive voltages. Among them, — PO 2 CI 2 
exhibited the best I— V characteristics and 
gave an extremely low operating voltage 
of 4.3 V for 100 cd m -2 . The binding 
— COCl group gave slightly better I— V 
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(b) 


Current density 
[mA crrr 2 ] 


Fig. 14 (a) I — V and (b) L — I characteristics of EL devices with 

ITO chemically modified with benzoyl chlorides with — H, —Cl, 
and - CF 3 terminal groups in the para position having different 
permanent dipoles. 


characteristics than — SO 2 CI. These results 
suggest that the efficient hole injection 
into TPD was due to the increase in work 
function of ITO covered with the two 
dipole layers introduced by the chemical 
modification. In particular, the results 
show that the selection of the binding 
sites is also important to tune the total 
work function change A tota i in Fig. 10. 


As shown in Fig. 15(b), the devices with 
ITO modified with — COCl and — SO 2 CI 
exhibited the best EL efficiency (~5 cd 
A” 1 observed at 250 mA cm -2 ). This 
can be interpreted again by the best 
balance between the hole and the electron 
injection. Too much higher hole injection 
with — PO 2 CI 2 results in the lower EL 
efficiencies. Our decision which EL device 
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Fig. 15 (a) I— V and (b) L— I 

characteristics of EL devices with ITO 
chemically modified with — SO 2 CI, 

— COCI, and — PO 2 CI 2 binding groups of 
p-chlorobenzene derivatives. The device 
structure is ITO(various treated)/ 
TPD(75 nm)/Alq 3 (75 nm)/C 6 H 5 COOLi 
(2nm)/AI. 
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we should use depends on our choice 
between the EL efficiency and the power 
efficiency. Therefore, EL characteristics 
were strongly correlated with the changes 
in observed work functions of various 
treated ITO [312, 331], 

1.7. 5. 3 Other Possible Applications 

1.7. 5. 3.1 Sn02 The work function of 
Sn02 [619] or F-doped Sn02 (Sn02:F) 
[267] is about 4.4±0.1eV, independent 
of surface cleaning methods including 
UV-ozone treatment [619] or hydrogen per- 
oxide/ammonia [267]. This value is the 


same as those obtained for as-received 
ITO and cleaned ITO with acetone/isopro- 
panol, but lower than the value of 
4.7-4.9 eV obtained for ITO cleaned with 
hydrogen peroxide/ammonia or UV-ozone 
treatment [267]. The fact that neither 
work function nor chemical composition 
depends upon the cleaning methods indi- 
cates that Sn 02 or Sn 02 :F is more stable 
to oxidation than ITO, especially when 
the outermost surface lacks fluorine [267]. 
One important characteristic of Sn02:F is 
that the surface is very flat [267]. Further- 
more, Sn 02 :F is less expensive to produce 
than ITO, and there is no indium present 
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to possibly diffuse into organic layers in 
OLEDs [267]. SnC >2 was also used as a 
transparent anode electrode to improve 
charge balance and device efficiency [620], 
In addition, SnC >2 or SnC> 2 :F is presently 
used as a transparent back contact where 
charge extraction is the primary applica- 
tion [621-624], in PV devices such as Ti 02 
dye-sensitized solar cells [253]. 

SnC >2 is a stable wide-bandgap semi- 
conductor and has been widely used in 
a variety of electrochemical and electro- 
optical devices. Compared to T 1 O 2 or ZnO, 
SnC >2 is a better electron acceptor since 
its conduction band (Ecb = +0.45 V vs. 
NHE at pH 1) lies ~0.5 V more posi- 
tive than that of T 1 O 2 [254]. Many organic 
dyes and organometallic complexes such 
as Ru(bpy) 3 2+ (bpy = 2,2'-bipyridyl) dis- 
solved in solution have been employed 
to sensitize SnC >2 electrodes. Some exam- 
ples include chlorophyll [625], croconate 
violet [626], rhodamine [627, 628], and 
Ru(bpy) 3 2+ [262, 492, 629]. However, the 
power efficiency in these examples has 
remained very low (rj <§C 0 . 1 %). 

1.7. 5. 3. 2 ITO Chemisorption of small 
redox-active molecules on ITO can be used 
to probe changes in electrochemically ac- 
tivity of ITO surface as a function of surface 
pretreatment [314-316, 326]. The modifi- 
cation of ITO surface with electroactive 
small molecules such as Fc(COOH )2 and 
3-TAA provides for better wettability of or- 
ganic layers to the polar ITO surface and 
enhanced electrical contact between ITO 
and copper phthalocyanine (CuPc) layers 
in multilayer excitonic organic EL and PV 
technologies [316]. Ferrocene terminated 
SAMs (Fc-SAMs) [326] are one of the most 
studied redox-active two dimensional ag- 
gregates on metal surfaces [630]. 

Over the past few years, functionalized 
siloxanes [509] or alkylsilanes [347, 512, 


518] and amines [631] have also been used 
mainly for attaching organic molecules 
onto ITO. 

/rCP is a soft lithographic technique 
useful in patterning SAMs [632, 633]. 
Whitesides and coworkers [632] used low 
concentrations of thiols in ethanol as the 
ink to stamp patterns onto Au. Printed 
organosilane SAMs have been used as 
etch resists to pattern Si/Si 02 , AI/AI 2 O 3 , 
Ti/Ti0 2 , and ITO [498, 523, 527, 528], and 
alkanephosphonic acids have been used 
similarly to pattern AI/AI 2 O 3 [471]. 

1.7. 5. 3. 3 ZnO Zinc oxide is a wide 
bandgap semiconductor material with a 
large exciton binding energy [9, 264]. Its 
fundamental optical properties near the 
band edge have been extensively studied 
over the past few years [634, 635]. Re- 
cently, doped ZnO, especially Al-doped 
ZnO (ZnO:Al) films have been used 
as a transparent electrode in optoelec- 
tronic device applications [636, 637]. These 
films can be also used in other applica- 
tions such as electrochemical cells [357], 
thin-film transistors [638], sensors [639], 
and photonic crystals [640]. However, po- 
tential applications in optoelectronic de- 
vices necessitate better understanding of 
the factors controlling the structural and 
electrical properties of ZnO thin films 
[641-643], 

1.7. 5. 3. 4 Ti 02 To date, almost all ap- 
plications of molecular excited states in 
sol-gel processed semiconductors such as 
Ti 02 have been for solar energy con- 
version. Wide bandgap TCO semicon- 
ductors, Eg > 3 eV, do not appreciably 
absorb visible light, and the incorpora- 
tion of molecular chromophores allows 
efficient solar harvesting [253-255, 644, 
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645]. Most robust and efficient sensi- major challenge [649]. A key requirement 
tizers are based on the metal-to-ligand for the large bandgap gate oxide is that 
charge transfer (MLCT) excited states it acts as an insulator-it has a low 
of polypyridyl Ru compounds, which leakage current. While the thicker layer 
have been well reviewed [254, 255]. Dye- prevents direct tunneling across the oxide, 
sensitized nanocrystalline electrochemical conduction can still occur by excitation of 
photovoltaic system has recently become a electrons and holes by Schottky emission 
validated and credible competitor to solid- into the oxide conduction or valence bands 
state junction devices for the conversion (Fig. 16). 

of solar energy into electricity [453-455], The charge neutrality level (CNL) of 
More details of some applications can Si is low in its gap, only 0.2 V above 
be found in the Sect. 17.3.5 and Vol. the valence band, but the CNL of most 
6 [456]. oxides can be high in their gaps [647]. 

Hence, the alignment of Si and the 
1.7. 5. 3. 5 Other Oxides In addition to oxides tends to give small conduction- 
large bandgap oxides such as Zr0 2 [646], band offsets. Indeed, it gives zero offset 
the very large bandgap (~9 eV) gate oxides for SrTi0 3 . The band offsets for various 
such as AI2O3 and Si0 2 and potential oxides in contact with metal or silicon were 
barriers for electrons of ~3 eV at A1/A1 2 0 3 found by calculating their Schottky barrier 
and Si/Si0 2 interfaces have been studied slopes S, and their CNLs [650], The CNLs 
[647]. For example, metal A1 is easily for the oxides are given in Table 8 and 
oxidized to form A1 2 0 3 layerwith~20 Aor shown schematically in Fig. 17 together 
more thick under typical conditions [648], with the experimental values of their 
One of the most challenging problems bandgaps and electron affinities. Kahn 
is that of controlling the oxide interfacial and coworkers [651] extended the concepts 
layers ranging from ~0.5 nm to several of CNL and induced density of interface 
nanometers thick, which form during the states and proposed that the energy-level 
deposition of the material on Si. Therefore, alignment is driven by the alignment of 
interfacing the oxide layers with Si is a the CNLs. 



Fig. 16 Schematic illustration of band offsets at a semiconductor 
heterojunction and metal/semiconductor interface. BHs c h 0 ttky ' s 
Schottky barrier height and CNL is the charge neutrality level of Si. 
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Tab. 8 Experimental bandgaps, dielectric constants £&, and electron affinity (EA), and calculated 
CNLs and CB offsets on Si for each oxide [647, 650] 


Oxide 

Cap (eV) 

&(X 

EA (eV) 

CNL (eV) 

CB offset (eV) 

Si 

1.1 

12 

4.0 

0.2 

_ 

Si0 2 

9 

2.25 

0.9 

- 

3.5 (exp.) 

ai 2 o 3 

8.8 

3.4 

1.0° 

5.5 

2.8 

Zr0 2 

5.8 

4.8 

2.5“ 

3.6 

1.4 

Ta 2 C >5 

4.4 

4.84 

3.2 

3.3 

0.36 

Si 3 N 4 

5.3 

3.8 

2.1 

- 

2.4 (exp.) 

SrTi0 3 

3.3 

6.1 

3.9 

2.6 

-0.1 

Ti0 2 

3.05 

7.8 

3.9“ 

2.2 

0 


“Estimated values. 


To ensure higher gate oxide capacitance, 
SiC>2 layer thickness has been decreased to 
less than 2 nm, and future generations a 
further reduction below 1.5 nm will be 
demanded. At that moment, SiC>2 can 
no longer be considered as an insulator 
because the direct tunneling current rises 
over 1 A cm -2 [652]. Only a thicker 
insulator with a dielectric constant higher 
than that of Si02 could reduce the leakage 
current while still keeping the capacitance 


high. For several candidates, such as 
AI2O3, Zr02, and Ta205, operating devices 
have been fabricated. However, until now, 
no one has demonstrated that all of the 
extraordinary electrical properties of the 
Si/Si02 system can be reproduced. 

High-quality gate insulator surfaces 
such as AI2O3 can be prepared by 
anodization (electrochemical oxidation) of 
the gate metals [542]. These surfaces 
possess surface hydroxyl groups, which 
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Fig. 17 Calculated conduction band (CB) and valence band 
(VB) offsets of various oxides in Si [647, 650], 







are highly detrimental to carrier mobility. 
To improve the device performance of 
organic FETs, the oxide surfaces can be 
treated either by silanization [542, 543, 
653], which change the surface wetting 
properties of the oxides [542], However, 
the precise mechanism of the mobility 
enhancement due to surface modification 
is somewhat controversial. 

Organosilane on SiC >2 have been of 
great utility in the photoresist industry, 
in which their patterning by energetic 
beams affords structures that can direct 
the substrates’ topographical etching [577]. 
Recently, AFM induced formation of SiC >2 
structures in the electrochemical nanocell 
was demonstrated [654, 655]. 

Regarding applications, long-chain phos- 
phoric (and also phosphonic) acid esters 
are expected to have potential for applica- 
tions in areas where the specific surface 
functionalization of oxides by extremely 
thin films is essential to the quality of 
a product [479]. One area where applica- 
tion of octadecylphosphate on tantalum 
oxide has already proven to be success- 
ful is optical biosensor technology, where 
the use of well-controlled octadecylphos- 
phate SAMs on optical waveguide chips 
has been demonstrated to increase both 
the specificity and selectivity when sensing 
extremely low quantities of biomolecules 
using evanescent field and fluorescence 
techniques. 

1.7.6 

Summary 

This chapter has highlighted various ap- 
proaches in which organic monolayers 
play an important role in chemically mod- 
ifying the properties of the surface of 
TCO electrodes. We have described the 
chemical modification of various «-type 
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TCO electrode surfaces with various or- 
ganic molecules in which one end is a 
binding group (X—), the other end is 
a terminal group with a different per- 
manent dipole moment (— Y), and these 
two ends are linked by groups of alkyl 
chains and tt - systems (see Fig. 2). We 
have also presented several examples of 
organic chemical treatments used for the 
surface modifications of various wide- and 
large-bandgap oxide electrodes. Studies for 
the formation of various organic monolay- 
ers with carboxylic acids and phosphonic 
acids as well as organosilane derivatives on 
these oxide electrodes were summarized 
comprehensively in this chapter. Further 
studies on the preparation and character- 
ization of chemically modified electrodes 
will be expanding our understanding and 
advancement of the science and applica- 
tions of inorganic and organic electronic 
materials and devices. The information in 
this chapter may help in choosing the most 
appropriate TCO electrode materials for a 
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1.8 

Surface Modification of Chalcogenide 
Electrodes 

Chimed Ganzorig and Masamichi Fujihim 
Tokyo Institute of Technology, Yokohama, 
Japan 


1 . 8.1 

Introduction 

Metal chalcogenides of general formula, 
MX(M = Cd, Zn, etc.;X = S, Se, orTe)are 
important in a variety of applications rang- 
ing from solar cells to chemical/biological 
sensors. While thin films of these materi- 
als can be prepared by many methods (e.g. 
vacuum evaporation, chemical bath depo- 
sition), electrodeposition is an attractive 
alternative because of its simplicity, low 
cost, ambient temperature operation (and 
consequently the absence of interlayer dif- 
fusion), and its amenability to large and 
irregular area coatings [1], 

Semiconductor nanocrystals exhibit a 
wide range of size-dependent properties. 
Variations in fundamental characteristics 
ranging from phase transitions to electrical 
conductivity can be induced by control- 
ling the size of the crystals. Present status 
and new opportunities for research in 
this area of materials physical chemistry 
were reviewed in detail in Ref. 2. These 
nanocrystals are good candidates for elec- 
tronic and optical devices [2, 3] due to 
their reduced dimensions, enabling one to 
reduce the size of electronic circuitry. Be- 
cause of the increased oscillator strengths 
in these nanocrystals as a result of quan- 
tum confinement [4], these are expected 
to have higher quantum efficiencies in 
applications such as light emission. 

Bawendi and coworkers [5] have 
reported a synthesis of highly luminescent 
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(CdSe)ZnS composite quantum dots 
(QDs) with CdSe cores ranging in 
diameter from 2.3 to 5.5 nm. They have 
characterized these materials using a 
range of optical and structural techniques. 

The band gap of CdSe can be varied 
from 1.9 to 2.7 eV by changing the size 
of the particle from 5.5 to 2.3 nm [5]. 
Along with the band gap of the particle, 
the photoluminescence (PL) from these 
composite dots can also be varied through 
the red to blue region of the visible 
region [5]. 

Bawendi and coworkers [6] have also 
studied the band edge luminescence 
of surface-modified CdSe nanocrystallites 
with a variety of organic and inorganic lig- 
ands. There has been much speculation 
as to origin of the band edge emission 
in these quantum-confined structures [6], 
Because of their large surface-to-volume 
ratios it has been suggested that the emis- 
sion originates from surface-related states. 

They found good agreement between ex- 
periment and theory for surface-modified 
CdSe nanocrystallites. This agreement 
suggests that the band edge luminescence 
of CdSe QDs can be quantitatively under- 
stood using an intrinsic exciton model and 
that the role of the surface in the optical 
properties of the QDs lies in its defects 
which create deep red radiative and nonra- 
diative pathways for recombination of the 
electron and hole upon photoexcitation of 
the nanocrystallite [6]. 

The band gaps and band edge positions 
for cadmium chalcogenides and other sev- 
eral semiconductors in the bulk state [7, 

8] are shown in Fig. 1. For zinc chalco- 
genides, ZnSe (bulk band gap 2.7 eV) and 
ZnS (bulk band gap 3.6 eV) are wide band 
gap semiconductors [9]. Because of quan- 
tum confinement, their nanocrystals are 
interesting emitting materials in the blue 
to the ultraviolet range. 
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Fig. 1 Band gap and band edge position of cadmium chalcogenides and other several 
semiconductors in contact with an aqueous electrolyte at pH 1 [7, 8]. 


One of the principal methods for 
assessing adsorbate interactions with 
II —VI semiconductor surfaces has been to 
monitor steady-state PL intensities at low 
injection levels [10]. Under low injection 
conditions, recombination is considered 
a fast event and the rate-limiting step is 
the generation/transport of minority car- 
riers that must move the surface. Under 
such conditions, a relatively small num- 
ber of excess minority charge carriers are 
generated as compared to the majority car- 
riers [11]. Under high injection conditions, 
recombination at the surface becomes the 
slow event, since there are more minor- 
ity carriers generated and transported to 
the surface than can be easily recombined. 
This distinction between high and low in- 
jection levels is essentially qualitative, with 
high injection corresponding to situations 
where the concentration of injected ex- 
cess carriers is larger or comparable to the 


concentration of donors or acceptors [10]. 
Many of these studies have been conducted 
with single-crystal samples of CdS and 
CdSe. The PL response to a broad range of 
analytes has been found to define a “lumi- 
nescent litmus test”: Lewis bases and acids 
cause PL enhancements and quenching, 
respectively, relative to reference ambient 
of either nitrogen or vacuum for gas- 
phase studies or pure solvent for solution 
studies [10], In addition to steady-state PL 
measurements, there have been several 
time-resolved PL studies reported, gener- 
ally for CdS and CdSe exposed to aqueous 
chalcogenide solutions used to stabilize 
these materials as photoelectrodes [10]. 

Recent density-functional-based studies 
on the structural, electronic, and optical 
properties of CdS, CdSe, and CdS/CdSe 
semiconductor nanoparticles over a wide 
range, from clusters containing just a few 
atoms to nanoparticles with up to about 



1000 atoms were recently reviewed [12]. In 
particular, the effects of organization, em- 
bedding, and surfactants on the properties 
of these particles were discussed and 
illustrated by their own results and lit- 
erature examples. The surface stabiliza- 
tion by ligands, core/shell embedding, 
or superstructure organization combined 
with electronic structure stabilization of 
these nanoparticles directly influences 
their properties: for stabilized nanoparti- 
cles a size-dependent decay of the lowest 
optical excitation energy toward the value 
of the bulk is found, as experimentally [12]. 

1 .8.1 .1 Surface Treatment of Substrate 
Chalcogenide Electrodes 

Treatment of surfaces of II —VI (CdS, 
CdSe, and CdTe) and III— V (GaAs) 
semiconductors with alcoholic solutions 
of bromine is a common method for 
preparing fresh surfaces as described 
in more detail in Ref. 10. With the 
development of alternate etchants bet- 
ter suited for GaAs [13], the use of 
bromine treatments is generally found 
with II— VI semiconductor materials [10]. 
The bromine-induced etching behaviors 
of polycrystalline CdTe and single-crystal 
GaAs have been compared in a novel study 
by McGhee and coworkers [14], using ra- 
diolabeled bromine vapor, 82 BrBr, to track 
the progress of the etching reactions. 

1 .8.1 .2 Adsorption of Acids to 
Chalcogenides 

A considerable number of adsorption stud- 
ies have been conducted with carbonyl, 
phosphine oxide, and sulfide adsorbates 
on CdS and CdSe substrates [10]. For 
example, Cahen and Shanzer and their 
coworkers [15, 16] used families of benzoic 
acids and hydroxamic acids to demon- 
strate that the electron affinity of CdSe and 
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CdTe substrates can be controlled inde- 
pendently of band bending. They observed 
that benzoic acids bind preferentially to 
Cd sites on CdTe, probably in a bridging 
binding mode, hydroxamic acids also bind 
to Cd, although their ligating mode was 
difficult to determine. Adsorption leads 
to changes in the work function of these 
materials that have been correlated to ad- 
sorbate dipole moments and to Hammett 
parameters. 

As part of their studies, Bruening 
and coworkers [15] examined the ef- 
fects of common etching procedures on 
the work function of CdSe. They ob- 
served that the bromine/methanol etch 
increases the work function while a 
subsequent hydrazine treatment then re- 
duces it. Because the bromine/methanol 
etch leaves an elemental Se residue on 
the surface, the authors suggest that 
the higher work function of Se rela- 
tive to CdSe may account for the in- 
crease in work function. They noted 
that such etching effects lead to ir- 
reproducible surfaces and can produce 
substantial variations in adsorption prop- 
erties [15]. 

1 .8.1 .3 Adsorption of Organic Sulfur 
Compounds 

In addition to the adsorption studies 
of carbonyl, phosphine oxide, and sul- 
fide adsorbates noted in Ref. 10, the 
studies of interaction of anionic S 
donors such as dithiocarbamates [17], an- 
ionic S-containing species (MoS 2- and 
Et 2 NCS“) [18], thiolates [19], and polysul- 
fides [20] with cadmium chalcogenides 
have been characterized by Wrighton and 
coworkers [17-20]. This chapter will fo- 
cus on surface modification of cadmium 
chalcogenides with thiols, dithiols, sul- 
fides, and disulfides. 
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1 . 8.2 

Surface Modification 

1 .8.2.1 Dialkyl Chalcogenide Compounds 

Adsorption of dialkyl chalcogenide com- 
pounds, which are candidate chemical 
vapor deposition precursor molecules, has 
been examined on CdSe substrates by El- 
lis and coworkers [21]. The compounds 
studied in these experiments include two 
families of dialkyl chalcogenides: (CH3)2E 
(E = S, Se, Te) and R 2 S (R = CH 3 , C 2 H 5 , 
K-C3H7, /-C3H7, and r-C4H9. The elec- 
tronic interaction between the adsorbate 
and the semiconductor surface has been 
modeled by assuming that a region near 
the surface whose thickness is on the or- 
der of the depletion width is nonemissive: 
electron-hole pairs photogenerated in this 
so-called dead layer are swept apart by 
the electric field [22-24]. The alkyl chalco- 
genides are expected to have Lewis basic 
character. By donating electron density to 
the solid, they can reduce the thickness of 
the dead layer and enhance the PL inten- 
sity, as observed in Ref. 21. 

The dead-layer model was used to esti- 
mate adduct-induced reductions in deple- 
tion width thickness at saturation; values 
ranged from ~100 to 500 A [21]. Re- 
versible PL enhancements are seen, fitting 
the dead-layer model [22-24], with the 
magnitude increasing for R 2 S in the or- 
der CH3 < C 2 H 5 < /7-C3H7 < 7-C3H7 < 
?-C4H9. Both electronic effects, correlated 
with ionization potentials, and steric ef- 
fects appear to influence the PL response. 
Dimethyl selenide and dimethyl telluride 
gave responses similar to that of dimethyl 
sulfide [21], 

It is worth mentioning that there is 
a substantial literature regarding the ef- 
fects of sulfur-containing, redox-active 
molecules on II -VI semiconductor elec- 
trodes. These semiconductors have been 


used extensively in photoelectrochemi- 
cal cells. Inorganic and organic sulfur- 
containing species have been observed to 
stabilize both polycrystalline and single- 
crystal CdS and CdSe electrodes [25], 

1.8.2. 2 Thiols 

Tacconi and coworkers [1] have described 
two-step electrosynthesis approach for the 
preparation of CdS semiconductor layers 
on polycrystalline Au substrates. The sul- 
fide ion precursor required for in situ 
CdS precipitation can be electrogener- 
ated (via cathodic stripping) either from 
a preformed sulfur layer or a thiol-based 
self-assembled monolayer (SAM) on the 
Au surface [1]. The morphology of CdS 
formed in the two cases and the corre- 
sponding photoelectrochemical behavior 
were compared and contrasted. Clearly, 
further improvements are needed to make 
these films suitable for practical solar en- 
ergy conversion applications [1]. 

The sulfide ion precursor for metal 
sulfide can also be generated from a thiol- 
based SAM. Indeed, chemical reaction of 
Cd 2+ ions with Na 2 S was used to precipi- 
tate ultrasmall CdS particles in different 
thiol-containing aqueous media [26-29]. 
Size of ultrasmall CdS particles was con- 
trolled by adding four kinds of thiols 
(mercaptoethylamine, mercaptopropionic 
acid, mercaptoethanol, and cysteine) to 
Cd 2+ aqueous solution before mixing with 
Na 2 S aqueous solution [26, 27]. The ad- 
sorption of thiols on the CdS surface was 
verified as the effect of surface charges 
by measuring the yield of photoinduced 
electron transfer from CdS to positively 
charged molecules in solution [27]. 

The chemical and physical properties 
of thiol-stabilized II —VI semiconductor 
nanocrystals were reviewed by Eychmuller 
and Rogach [30]. The materials prepared 



include cadmium and mercury chalco- 
genides with sizes ranging between 1.4 
and ~8 nm. In this size range, the optical 
properties of the particles are governed by 
the size-quantization effect. All nanocrys- 
tals synthesized belong to the cubic crystal 
structure. The general synthetic process 
follows a similar route for all nanocrystals: 
a metal salt is dissolved in water in the pres- 
ence of the stabilizing thiol. The thiols used 
were 1-thioglycerol, 2-mercaptoethanol, 
l-mercapto-2-propanol, l,2-dimercapto-3- 
propanol, thioglycolic acid, thiolactic acid, 
and cysteamin. Some applications of this 
class of materials were outlined in the 
review article [30], 

A method for immobilization of metal 
sulfide ultrafine particles such as CdS 
formed in reverse micellar systems in 
polythiourethane (PTU) via bonding of 
the thiol groups to the metal sulfide 
surface has been investigated [31, 32]. The 
resulting composite, CdS-PTU, improved 
its stability against photoirradiation and 
photocatalytic property for H 2 generation 
from aqueous solution of 2-propanol, 
when compared with the nano-CdS surface 
modified with thiophenol (CdS-Ph) [31]. 
In Ref. 32, the effects of thiols, used as 
the surface-modification agent for nano- 
CdS and the polymerizing monomer, on 
the photocatalytic properties of CdS-PTU 
were investigated. 

Pietro and coworkers [33, 34] have 
demonstrated that a wide scope of interest- 
ing molecular moieties can be covalently 
tethered onto the surface of CdS nanocrys- 
tals, and that the properties of the resulting 
systems depend to a great extent on the na- 
ture of the surface groups. They [35] have 
also demonstrated that ~30 A thiolate- 
capped CdS nanoclusters photodecom- 
pose to form bulk CdS and a single organic 
product, the symmetric disulfide corre- 
sponding to the thiolate cap, and further 
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studied the effects of surface modifica- 
tion on the rate of photodecomposition. 

They found that the decomposition rate 
is enhanced by both electron donors and 
acceptors in the 4-position of the thiolate 
capping agent, and is strongly correlated 
with the fluorescent-quenching efficiency 
of the substituted cap [35]. 

1 .8.2.3 Dithiols, Disulfides, and Other 
Sulfur Compounds 

Mono- and multilayers of CdS nanopar- 
ticles were fabricated on a gold substrate 
covered with alkanedithiol SAMs by an 
alternative immersion of the substrate 
into ethanolic solutions of dithiol, that 
is, 1,6-hexanedithiol or 1,10-decanedithiol, 
and dispersion of CdS nanoparticles 
(ca 3 nm in diameter), the latter of 
which was prepared in sodium bis (2- 
ethylhexyl)sulfosuccinate in heptane [36]. 

The layer-by-layer structure of dithiol SAM 
and CdS monolayer was confirmed with 
X-ray photoelectron spectroscopy, Fourier 
transform infrared reflection- absorption 
spectroscopy, and inductively coupled 
plasma mass spectroscopy at each step of 
composite-film preparation. Photocurrent 
measurements revealed that the mono- 
layers of CdS nanoparticles were immo- 
bilized without mutual aggregation of 
particles [36]. Cadmium selenide nanopar- 
ticles were prepared electrochemically on 
gold substrates modified with alkanethio- 
lated /J -cyclodextrin SAMs [37]. 

The formation of sulfur atomic layers 
on Au from alkaline solutions of sulfide 
and thiosulfate has been studied, and 
the relevance of these experiments to 
thiol-based SAMs was pointed out [38]. 
These studies are relevant to the formation 
of SAMs, as sulfide can be thought of 
as the simplest thiol and, thus, sulfur 
atomic layers as the shortest chain SAM. 
Sulfur atomic layers are also of interest 
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as precursors for the electrochemical 
formation of compound semiconductor 
thin films such as CdS, ZnS, and PbS [38]. 
The deposition of S was characterized 
using various analytical techniques. The 
same group had earlier used the oxidative 
underpotential deposition of sulfur for 
the preparation of CdS by electrochemical 
atomic layer epitaxy [38]. 

Wang and Tessier [39] have showed by 
solubility measurements that the solu- 
bility of CdS solids at various pH val- 
ues (4.2-8. 6) and sulfide concentrations 
(10-4.3 _io-t. 3 jyjj can b e reproduced ad- 
equately by the following four bisulfide 
complexes: CdHS + , Cd(HS) 2 , Cd(HS) 3 _ , 
and Cd(HS) 4 2 “. The log K„ values 
for the general equation Cd 2+ + «HS = 
Cd(HS)„ 2 -" are 7.38 ± 0.68, 14.43 ± 0.01, 
16.26 ± 0.58, and 18.43 ± 0.05, respec- 
tively [39], 

Bakkers and coworkers [40] have studied 
electron tunneling as a function of the dis- 
tance between colloidal CdSe QDs and Au 
electrode. To vary this distance, they have 
used a variety of SAMs consisting of dithi- 
ols (1,3-propanedithiol, 1,6-hexanedithiol, 
and 1,9-nonanedithiol) and rigid disul- 
fides (1,4-dithiane, 4, 4 , -(tetrahydro-4//- 
thiopyran-ylidene) , 4- (tetrahydro-4// - 

thiopyran-4-cyclohexylidene-4 , -ylidene) 
tetrahydro-4//-thiopyran). QDs were che- 
misorbed on the Au electrode using these 
organic compounds. In addition, an ohmic 
contact was established by epitaxial elec- 
trodeposition of isolated QDs on Au [40]. 
CdSe suspension was prepared according 
to Ref. 41. 

SAMs were prepared by immersing the 
Au film in a 5 mM dithiol/ ethanol or satu- 
rated disulfide/ethanol solution for one 
week at 50 °C. The samples were sub- 
sequently rinsed with ethanol to remove 
the excess dithiol/disulfide from the sur- 
face and dried under a dry nitrogen flow. 


CdSe QDs were deposited on the SAM/Au 
electrode by immersion in the suspension 
for one week. The samples were rinsed 
with heptane to remove the excess par- 
ticles [40]. After absorption of a photon 
with energy larger than the band gap, a 
long-lived excited state is formed in the 
QDs; this state can decay by electron tun- 
neling to the gold substrate. The rate of 
photoinduced tunneling was measured di- 
rectly by intensity-modulated photocurrent 
spectroscopy, and its distance dependence 
was studied using rigid SAMs separating 
the quantum CdSe and Au. The tunneling 
rate was found to depend exponentially 
on the distance, with a decay length of 
2 A [40], 

The self-assembly of molecules such as 
thiols and dithiols on metal surfaces is 
well-established and has been used to at- 
tach cadmium chalcogenide nanocrystals, 
for example, to Au surfaces [42], and to 
measure their electrical properties [43, 44]. 
Attachment of CdS nanoparticle mono- 
layer onto bifunctional 1,5-hexanedithiol 
or 1,10-decanedithiol SAM has been re- 
ported [36, 42, 45]. In addition, various 
authors have also demonstrated assembly 
of monolayers of allcanethiols and other 
molecules on GaAs surfaces [46-49]. The 
alkanethiols were presumed to bind se- 
lectively to arsenic atoms on GaAs (100) 
surface [48, 49], 

A method has been described for at- 
taching semiconductor CdS nanocrystals 
to metal (Au and Al) surfaces using difunc- 
tional SAMs as bridge compounds [42]. 
SAMs were prepared by immersing Au 
substrates in 5 mM ethanolic solutions of 
1,3-propanedithiol, 1,6-hexanedithiol, and 
1,8-octanedithiol for 8-12 hours. Al sub- 
strates were placed in solutions of 5 mM 
mercaptoacetic acid dissolved in ethanol 
and were allowed to sit for 12 hours. Af- 
ter immersion, the samples were removed 



from solutions, rinsed with ethanol for 30 
seconds, and then blown dry with argon. 
Samples could be stored in a desiccator 
prior to coating with nanocrystals. Both 
Al and Au substrates were prepared such 
that their surfaces contained free thiols. 
These SAMs were then exposed to solu- 
tions of CdS clusters in micelles. Typical 
immersion time was 12 hours, and after- 
ward the samples were rinsed with heptane 
for 30 seconds and then blown dry with 
argon [42]. The nanocrystal films were 
characterized by resonance Raman scat- 
tering, Rutherford backscattering, contact 
angle measurements, and transmission 
electron microscopy. All techniques in- 
dicate the presence of quantum-confined 
clusters on the metal surfaces with a cov- 
erage of approximately 0.5 monolayers. 

Recently, Greenham and coworkers [50] 
have reported the assembly and thorough 
characterization of CdSe nanocrystals at- 
tached to both p- and H-doped GaAs 
substrates. The self-assembly was per- 
formed using a 1,6-hexanedithiol to link 
CdSe nanocrystals to GaAs substrates. 
Cadmium chalcogenide nanocrystals were 
synthesized by the tri-« -octyl-phosphine- 
oxide (TOPO) method by Bawendi and 
coworkers [51] as modified by Alivisatos 
and co workers [52]. Their diameter was 
determined by analysis of the absorption 
spectroscopy. Surface modification of the 
GaAs wafers was performed in a solution 
containing 88% 2-propanol, 12% aque- 
ous ammonia solution, and 8 x 10“ 4 % 
1,6-hexanedithiol (volume/volume) for 
4 hours in darkness and at room tem- 
perature. The surface modification was 
followed by several thorough rinses with 
2-propanol. The self-assembly of the CdSe 
nanocrystals was performed in a toluene 
solution containing 0.016 wt% CdSe 
nanocrystals for 12 hours in darkness and 
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at room temperature. Two different sized 
CdSe nanocrystals were used [50], 

The prepared films [50] have been char- 
acterized with attenuated total reflection 
Fourier infrared spectroscopy, PL, opti- 
cal ellipsometry, and scanning tunneling 
microscopy, and the results are consis- 
tent with the formation of stable, disor- 
dered monolayers of CdSe nanocrystals 
with high packing density. This assembly 
technique may have applications for the 
production of molecular electronic devices 
on semiconductor substrates [50]. 

Zhang and Mu [53] reported a new ap- 
proach to fabricate the CdS thin films 
by annealing the Cd 2+ -di thiol multilayer 
films on both quartz and mica substrates 
and characterized the change of the com- 
position, structure, and optical properties 
of the films before and after annealing. It 
opens up the possibility to fabricate the 
chalcogenide thin films by annealing the 
self-assembled multilayer films of metallic 
ion and organic dithiol [53]. 

Boilot and coworkers [54] have devel- 
oped a scheme for the II —VI chalcogenide 
sol-gel synthesis, using CdS as a model 
system. They have reported the first ex- 
tension of the sol-gel process on the 
preparation of transparent gels, thin films, 
and monoliths of CdS. They found that 
the use of the 4-fluorophenylthiol as a 
strong surface complexing agent, instead 
of the phenylthiol [41], greatly improves 
the dispersion of the particles in organic 
solvents. Dispersion can be achieved in 
acetone, tetrahydrofuran, or dimethylfor- 
mamide at very high concentrations (at 
least 5 moll -1 , i.e. a volume fraction of 
about 15%), and to a smaller extent in 
ethanol and chloroform [54]. This pro- 
cess should allow further developments 
of the sol- gel technique to other nonoxide 
materials. 
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1.8.3 

Characterization and Applications 

Semiconductor nanocrystals and nan- 
oclusters are currently under intense in- 
vestigation in various fields of science and 
technology. Quantum size effects result 
in unique physical and chemical proper- 
ties that depend strongly on the size of the 
particles and clusters [2, 12, 26-28]. Signif- 
icant progress has been made, particularly 
in the preparation of group II -VI semicon- 
ductors, by using capping ligands, such as 
thiolates, which cap the particle surface by 
direct coordination to surface atoms. Ad- 
vanced materials built up from nanoscale 
particles give promise of a wide range of in- 
novative applications in catalysis, sensors, 
nonlinear optics, and molecular electron- 
ics. 

Bowmaker and coworkers [55] have re- 
cently demonstrated that electrospray 
mass spectrometry is a powerful tech- 
nique for investigating the capping and 
functionalization of the surface of a CdS 
nanocluster, via ligand exchange reac- 
tions. The reactions of the thiophenolate- 
capped CdS cluster [S4Cdi7(SPh)28] 2_ 
with thiols (HSR), dithiols (HSRSH), thiol 
acids (HSRCOOH), thio acids (RCOSH), 
thiol alcohols (HORSH), diethyldithio- 
carbamate [Et2NCSS] _ , isopropylxanthate 
[(CH3)2CHOCSS] _ , and 3-mercaptoprop- 
yltrimethoxysilane [HS(CH2)3Si(OCH3)3] 
have been investigated [55]. 

Pseudo steady-state titration was found 
to be a valuable method for the determina- 
tion of stability of colloidal nanocrystals 
upon change of the pH in the solu- 
tions [56]. CdSe nanocrystals coated with 
hydrophilic deprotonated thiol (thiolate) 
ligands were studied systematically. For 
comparison, CdTe and CdS nanocrystals 
coated with the same types of ligands 
were also examined. The results showed 


that the precipitation of the nanocrys- 
tals was caused by the dissociation of 
the nanocrystal-ligand-coordinating bonds 
from the nanocrystal surface. The ligands 
were removed from the surface due to 
protonation in a relatively low pH range, 
between 2 and 7 depending on the size, 
approximately within the quantum con- 
finement size range, and chemical compo- 
sition (band gap) of the nanocrystals [56]. 

The structure of the adsorbate sys- 
tems formed by mercaptobenzothiazole 
and analogue molecules on CdS (1010) 
surface was studied quantum chemically 
using density functional theory [57]. Pre- 
liminary calculations of the free adsorptive 
molecules indicate an energetic preference 
of their thione form compared to the thiol 
form. For the anions of the adsorptive 
molecules, the role of the endocyclic ni- 
trogen and the exocyclic sulfur as possible 
donor atoms was examined by means of 
known chelate complexes. Geometry op- 
timizations showed that the structure of 
the adsorbate systems is dominated by the 
formation of two coordinative bonds from 
the donor atoms of the adsorptive anions 
to two adjacent Cd atoms of the surface. 
It showed that the molecular plane of the 
adsorptives is tilted with respect to the nor- 
mal of the crystal face. They have shown 
that the tilt angle is mainly determined 
by the tendency of the surface Cd atoms 
to continue the tetrahedral coordination 
from the bulk [57]. 

Recent studies revealed that cadmium- 
based semiconductor nanocrystals did not 
affect the biological functions if they were 
completely coated with organic ligands [58, 
59]. After the ligands were detached, the 
nanocrystals became extremely toxic [59]. 
The detachment of the ligands will not only 
destabilize the colloidal system but also 
cause possible cytotoxic problems [56]. 



The electroluminescence properties 
of CdSe nanoparticles embedded 
in organic semiconductor materials 
have been studied extensively and 
hybrid organic -inorganic light emitting 
diodes (LEDs) were realized [60-62]. 
Eychmuller and Rogach [30] fabricated 
CdTe nanocrystal/polyaniline composite 
films as well as films of closely packed 
CdTe nanocrystals to develop LED with 
low turn-on voltages. The emitted color of 
such device is tunable from green to red 
depending on the size of the nanocrystals. 

1.8.4 

Summary 

In summary, while our understanding 
of II— VI semiconductor-molecular inter- 
faces is still at a relatively young stage of de- 
velopment, it is advancing rapidly. There is 
reason to be optimistic that the experimen- 
tal and theoretical methods and techniques 
have become available for characterizing 
these interfaces and structures. In this 
chapter, we have briefly described the 
surface modification of chalcogenide semi- 
conductor electrodes with thiols, dithiols, 
and disulfides as well as other sulfur com- 
pounds. 
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1.9.1 

Introduction 

Self-assembled monolayers (SAMs) on 
metal substrates have been the focus of 
unusual scientific and technological in- 
terest for two decades, as such systems 
provide the unique possibility to form two- 
dimensional structures that are organized 
on the molecular level in a generally per- 
pendicular direction. SAMs are therefore 
considered as possible candidates for the 
construction of future optical, electronic, 
and magnetic devices of minute dimen- 
sions, as well as for various other chemical 
and biological applications. Electrochem- 
ical issues related to SAMs have been 
discussed previously [1], 

Various aspects of SAM formation, 
structure, properties, and possible appli- 
cations are discussed in other chapters. 
The properties of a SAM of a certain 
composition depend on a number of pa- 
rameters, such as the solvent used for 
self-assembly, the concentration of the ad- 
sorbing molecules, the adsorption time 
and temperature, and to an appreciable de- 
gree, on the properties of the substrate. The 
latter include the substrate type, chemi- 
cal composition, morphology, preparation, 
pretreatment, and cleanliness. 

Two groups of molecules have been 
used most frequently for monolayer for- 
mation, that is, molecules bearing a 
silane binding group (e.g. trichlorosilanes, 
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trimethoxysilanes), and molecules bearing 
a sulfur-based binding group (e.g. thiols, 
disulfides, dialkyl sulfides). The latter are 
more relevant to electrochemistry, as the 
presence of the sulfur enables stable bind- 
ing to various metal surfaces, that is, to 
electrodes. In the overwhelming majority 
of cases, the substrate of choice for the for- 
mation of SAMs of thiols, disulfides, and 
so on, has been gold. This is because of 
the strong interaction between sulfur and 
gold, as well as the chemical inertness of 
gold, eliminating the need to consider sur- 
face oxides (present on many other metals 
under usual conditions). Therefore, gold 
substrates will be the main topic in this 
chapter, while other metals will be dis- 
cussed more briefly. 

In this chapter, we differentiate be- 
tween polycrystalline substrates and single- 
crystalline substrates of a well-defined ori- 
entation. An additional distinction is made 
between thin metal films on a support ma- 
terial and bulk substrates such as disks or 
wires. The use of a thin metal film - as 
opposed to bulk material - gives rise to a 
number of additional parameters associ- 
ated with the preparation process, which 
determine the properties of the resulting 
surface and the adsorbed SAM; these will 
be discussed in depth. The process of ad- 
sorption of molecules on a substrate is 
sensitive to the presence of impurities on 
the surface. Therefore, cleaning pretreat- 
ment of surfaces will be addressed, as it 
plays an important role in the preparation 
procedure, as will be annealing procedures 
that bring about healing of surface de- 
fects and are crucial in the preparation of 
(atomically) flat surfaces. 

It should be pointed out that the 
number of publications on SAMs on 
conducting substrates (primarily gold) is 
overwhelming, and these include a large 
variety of substrate types and pretreatment 
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procedures. It is practically impossible to 
encompass, in a concise chapter, all the 
published varieties. We therefore describe 
below those substrates and preparation 
methods that are either widely used or 
of particular interest. 

1.9.2 

General Considerations Regarding 
Substrates 

1.9. 2.1 Specific Requirements Imposed by 
Analysis Techniques 

In many cases, the analysis techniques 
of choice dictate the kind of substrate 
used, when a specific surface character- 
istic is required for the application of a 
chosen technique. This is the case, for 
example, in the use of surface-enhanced 
Raman spectroscopy to study monolayers 
on copper or silver, where special pretreat- 
ment including etching or deposition on a 
rough support is applied. Other techniques 
may require special sample properties 
or geometries, for example, transparency 
(for transmission spectroscopy) or atomic 
smoothness (for scanning probe analysis). 
If the technique requires intimate con- 
tact with a measuring device, this may be 
achieved by evaporating the metal directly 
onto the device surface. The latter is the 
case, for example, in quartz crystal mi- 
crobalance (QCM) or in surface acoustic 
wave (SAW) analysis. This, in turn, will 
determine the morphology of the surface. 

1 .9.2.2 Polycrystalline, Textured, 
Single-crystalline Substrates 

With gold, as with other metal substrates, 
the relevant surface can be either polycrys- 
talline, that is, composed of crystallites of 
random orientation, or single crystalline, 
that is, comprising one crystal plane of 
a well-defined and uniform orientation. 
In certain cases, a metal surface can be 


defined as “textured,” generally meaning 
that, although rich in defects and exhibit- 
ing a polycrystalline nature, one specific 
orientation in the direction normal to the 
surface is predominant. Metal surfaces 
show varying properties depending on 
their crystallinity, affecting electrochemi- 
cal processes on the bare electrode and 
at SAM-covered electrodes. Moreover, in 
many cases the structure of the monolayer 
depends on the crystallographic face of the 
underlying metal. Single-crystal surfaces 
are usually necessary to study intrinsic 
properties of the monolayer, as opposed 
to properties determined by grain bound- 
aries and other defects of the substrates. 
This is especially important for macro- 
scopic methods. 

T9. 2. 3 Major Aspects Regarding 
Substrate Preparation/ Pretreatment 

A number of aspects have to be considered 
with respect to the preparation of a 
substrate for modification with a SAM. 

The largest group of substrates found 
in the literature comprises thin metal 
films on various support materials. In 
such cases, a major factor governing 
the outcome of the metal deposition 
is the method used, that is, resistive 
or electron gun evaporation; sputtering; 
electroless plating; or template stripping. 
The specific parameters of the deposition 
process determine the resulting surface 
topography. 

Thermal treatment (annealing) is fre- 
quently an important step in the genera- 
tion of a well-defined substrate. Heating 
of the substrate, which may be performed 
in an oven or using direct flame, leads to 
healing of defects and promotes the for- 
mation of atomically flat terraces on the 
substrate surface. 

A crucial step in the substrate prepa- 
ration is cleaning of the substrate prior 



to monolayer self-assembly. Pretreatment 
methods include a wide variety of chem- 
ical, electrochemical, and dry procedures, 
as well as combinations thereof. 

In certain cases, additional aspects have 
to be considered. For example, in the 
case of metals that are covered with an 
oxide layer under ambient conditions, the 
preparation of SAMs may require specific 
pretreatments aimed at eliminating or 
reducing the amount of metal oxides on 
the surface. 

1.9.3 

Substrates Used for SAM Preparation 

1.9. 3.1 Cold 

1 .9.3.1 .1 Cold Films on Various Supports 

1 .9.3.1 .1 .1 Evaporated Gold Films 

Introduction Evaporation of gold onto 
various supports preceded SAMs by many 
years. Originally, the interest focused on 
the epitaxial growth of thin metal films 
on mica and other flat surfaces. This 
introduction, therefore, deals with general 
aspects of evaporated gold films, while the 
proceeding subchapters refer specifically 
to studies of SAMs on the various gold 
surfaces. 

The influence of the support material 
and the deposition temperature on the 
crystallinity and orientation of an evapo- 
rated metal film was already studied in 
1936 by Briick [2]. A dependence of the 
orientation on the deposition temperature 
was also found by Rudiger [3]. Pashley 
[4] reviewed a number of studies on the 
epitaxial growth of fee metals on mica. 
Investigations on the epitaxy of gold de- 
posited at high temperatures were carried 
out by Poppa et al. [5]. 

It was the introduction of the scan- 
ning tunneling microscope (STM) that 
revived the interest in thin film deposi- 
tion. On one hand, from a fundamental 
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point of view, the STM provides a highly 
potent tool for studying film morphology; 
features like monatomic steps, disloca- 
tions, and grain boundaries were clearly 
resolved, and nucleation and growth of 
the films could be better understood. On 
the other hand, achieving atomic resolu- 
tion with the STM requires a well-defined, 
atomically fiat substrate, which spurred 
the search for single-crystalline conduct- 
ing surfaces other than highly oriented 
pyrolytic graphite (HOPG), silicon, and 
certain other semiconductors. 

These motivations triggered a number of 
STM studies on thin gold films. Chidsey 
et al. [6] used STM to investigate the 
growth of gold films evaporated on mica, 
studying the effect of film thickness, 
deposition temperature, annealing, and 
a silver underlayer on the resulting gold 
morphology. Gold deposited at room 
temperature resulted in a typical “rolling- 
hill” topography. The films showed weak 
epitaxy with the mica substrate, a (111) 
texture, and occasional atomically fiat 
terraces, while the hilltops were often 
round. Deposition on mica at 225 °C 
produced larger gold crystallites with 
flatter tops; the surface was composed 
of flat plateaus with grooves and valleys 
at grain boundaries. Deposition at 300 °C 
resulted in an even flatter morphology. 
Postdeposition annealing in the vacuum 
chamber also served to smoothen the 
surface. A silver underlayer resulted in 
very good epitaxy, but a high silver content 
was found in the gold. Thiols were added in 
order to simulate a heavily contaminated 
surface, but did not change the appearance 
in the STM [6], 

Deposition temperatures above ~570 °C 
were shown to yield discontinuous gold 
films on mica [7]. Vancea et al. carried out a 
thorough STM study aimed at determining 
the effect of the support material (rough 
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Corning glass, Si(100), mica, NaCl, and 
HOPG) on the topography of evaporated 
gold [8]. Rabe and co workers [9], looking 
for appropriate substrates for imaging 
LB films, found grainy structures (ca. 
25 nm grain size) for gold and silver 
films evaporated on glass slides, being 
too rough for reliable STM molecular 
imaging of adsorbed monolayers. In the 
same study, films evaporated onto mica 
exhibited flatter grains of the same size. 
Films grown at higher temperatures were 
(111) textured according to low-energy 
electron diffraction (LEED), and exhibited 
atomically flat terraces, ca. 100 nm wide. 

Rubinstein and coworkers [10, 11] stud- 
ied evaporated as well as sputtered gold 
films (see Sect. 1.9. 3. 1.1. 2) on several sup- 
port materials by transmission electron 
microscopy (TEM) and STM. Evaporation 
on microscope glass cover slides, cleaved 
mica, and Si(lll) substrates yielded flat- 
looking films with rather large, plate- 
shaped gold grains, showing a {111} tex- 
ture. Films on Si(100) consisted of much 
smaller grains with no crystallographic tex- 
ture. Annealing led to an increase in grain 
size and flatness, and in the case of glass, 
mica, and Si(lll), to enhanced texture. 
Gold samples evaporated at temperatures 
of ca. 350 °C exhibited larger grains but a 
higher density of imperfections and voids 
in the film. 

Buchholz et al. [12] used scanning elec- 
tron microscopy (SEM), STM, and LEED 
to study 100 nm films of Ag, Au, Pd, and 
Cr on mica. They saw increasing grain 
size and grain flattening as the substrate 
temperature during deposition increased 
from —150 to 400 °C. At 400 °C, ter- 
races of more than 100 nm across were 
formed. Characteristic holes of a few tens 
of nanometers, as well as holes on the 
nanometer scale, were observed, which 


may be attributed to impurities segregat- 
ing to the surface. LEED established the 
existence of a (111) orientation. These au- 
thors also checked the influence of the 
pressure during evaporation, and found 
no difference for samples evaporated at 
10 -5 and 10” 9 mbar. 

In the following sections, gold films will 
be discussed according to the support 
material, using information taken only 
from studies concerned with the use of 
these substrates for the preparation of 
SAMs. 

Cold films evaporated on mica Freshly 
cleaved mica is probably the most popular 
support for evaporated gold films. The 
mica surface is exceptionally flat and 
requires no cleaning prior to evaporation. 
As a rule, gold films on mica exhibit 
larger portions of atomically flat crystallites 
than those on highly polished silicon 
(see section on Gold films evaporated on 
silicon). 

Gold is evaporated by resistive or 
electron beam evaporation onto freshly 
cleaved mica (ruby muscovite or green 
mica). The thickness of evaporated films 
is usually 100-300 nm, with most films 
being 150-250 nm thick. Heating the 
sample before (“prebaking”), during or 
after (“annealing”) evaporation enhances 
the quality of the resulting gold surface in 
terms of the number and size of atomically 
flat terraces. 

The prebaking (preheating) tempera- 
tures and times found in the literature 
vary somewhat, for example, 500 °C for 
24 h [13], 250-300°C for about lh [14, 
15], 325 °C [16] or 550 °C for 3 h [17]. When 
evaluating the effect of temperature during 
prebaking of the mica, it should be real- 
ized that the temperature of the heater is 
not necessarily that of the mica, the latter 
depending on the geometry of the setup 



and the distance from the heater. For ex- 
ample, a heater temperature of 580 °C was 
estimated to be 100-200 °C on mica in one 
report [18]. When mica slides are heated 
during gold deposition, the temperatures 
reported are usually in the range 240 to 
350 ° C. Prebaking removes adsorbed water 
and some other contaminations. 

Heating in the vacuum chamber during 
deposition can improve the film quality. 
It was shown [19] that the gold sur- 
face roughness is controlled by the mica 
substrate temperature during gold evap- 
oration. Mica substrates were prebaked 
at 450 °C for ca. 6 h, brought to the de- 
sired temperature and further annealed in 
vacuum for 2 h at the deposition temper- 
ature. Grain size increased and surface 
roughness decreased with increasing de- 
position temperature. Numerous shallow 
depressions were detected on terraces of 
the sample prepared at 450 °C. A study 
comparing films grown in high vacuum 
(10 -6 -10~ 5 Pa) and ultrahigh vacuum 
(10 — 8 Pa) [20] showed that the latter are 
generally flatter. The deposition rate is typ- 
ically 0.5-1 A s _1 [18] or 10 A s -1 [21]. No 
clear relationship between evaporation rate 
and surface quality has been shown. 

Kawasaki et al. [22] demonstrated that 
ultraflat gold films can be prepared on 
mica by sputtering at elevated substrate 
temperatures. They obtained 1 pm flat 
terraces, which favorably compare to 
other evaporated gold films. Nogues and 
Wanunu [23] developed a facile (5 min) 
postevaporation annealing procedure that 
gives similar size terraces. 

In general, gold films evaporated on 
mica consist of crystallites (grains), which 
are separated by grain boundaries and 
topped by atomically flat (111) terraces . The 
size of the grains is typically 50-100 nm 
while the terrace size is considerably 
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smaller, typically 10-20 nm. Heating be- 
fore, during, or after the evaporation serves 
to considerably increase the grain and ter- 
race size. In terms of surface roughness 
factors, values of ca. 1.1 ± 0.1 [21, 24-27] 
(calculated as the electrochemically deter- 
mined area divided by the geometric area) 
up to 1.35 [28] were reported. 

Cold films evaporated on glass Preparation 
of evaporated gold films on glass - usually 
either float glass or glass microscope 
slides - varies from the same procedure 
on mica, in that the support (glass) has 
to be cleaned before introduction into 
the vacuum chamber. For example, one 
possible protocol is ultrasonication in suc- 
cessive baths of Piranha solution, distilled 
water, and 2-propanol [29], but various 
other chemical cleaning procedures can be 
used with satisfactory results. Gold evap- 
oration rates are usually between 0.1 and 
1.0 nm s _1 . The thickness of the gold film 
is similar to that of films on mica, that is, 
typically 100-200 nm. 

An intermediate layer evaporated prior 
to gold deposition to improve the gold 
adhesion to the glass, is usually considered 
necessary. This adhesion layer may consist 
of TiC> 2 , Cr, Ti, or 3-mercaptopropyl 
trimethoxysilane (MPS) [30]. It was shown 
by XPS that Cr does not diffuse to the 
gold surface 30 days after deposition [31]; 
in another study, the authors concluded 
that the type of adhesion layer does not 
influence the stability of an SAM on the 
respective gold film [32]. The thickness 
of the adhesion metal layer is typically 
5-10 nm, although higher (20 nm) or 
lower ( < 1 nm) values were reported. There 
are a few exceptions to the use of adhesion 
layers. In most of these cases, the glass 
support is roughened for better adhesion, 
for example, by treatment with Ar plasma 
[33-36]. Evaporation of gold directly on 
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glass with no adhesion layer or roughening 
was also reported [37]. 

In contrast to mica, prebaking or heating 
of the slides during evaporation is only 
infrequently reported; for example, in [38] 
the glass surface was held at 300 °C during 
evaporation. The roughness factor of the 
resulting gold surface was 1.6, which 
presents no improvement. 

Rubinstein and coworkers [10] found 
that gold films evaporated on glass are 
comparable in grain size, roughness, and 
(111) texture to similar films evaporated 
on mica. Other authors reported that the 
films on glass are of a lower quality 
in terms of roughness and crystallinity. 
Porter and coworkers [21] showed that 
gold on glass surfaces exhibited smaller 
and rougher crystallites (~25 nm in size) 
than films on mica. The gold surface 
showed mostly (111) character but there 
was also evidence for (110) sites. Abbott 
and Whitesides reported gold surfaces that 
are polycrystalline with a (111) texture [39]. 
In all cases, obtaining large, atomically flat 
(111) terraces required an annealing step 
(see section on Annealing procedures for 
evaporated gold films). 

Special optically transparent films were 
used by Whitesides and coworkers [40] 
to control the contact angle and shape 
of drops of hexadecanethiol by electro- 
chemical desorption. Using the drops as 
lenses, an optical switch was obtained, 
which focuses/defocuses light. The slides 
consisted of 100 A gold evaporated onto 
titanium-primed (5 A) glass or indium tin 
oxide. Even a 100-A gold coating was 
sufficiently conductive to enable electro- 
chemical reactivity. 

Particularly versatile substrates for the 
study of ultrathin overlayers were reported 
by Rubinstein and coworkers [41]. The 
substrates were prepared by evaporation 
of 15 nm gold on silanized glass and 


annealing, providing continuous, smooth, 
(111) textured, optically transparent gold 
films. Such surfaces enable application of a 
wide range of techniques, including trans- 
mission UV-vis spectroscopy, ellipsome- 
try, scanning probe, and electrochemical 
measurements, performed on the same 
substrate. 

Cold films evaporated on silicon When 
used as supports for gold evaporation, 
highly polished silicon wafers, like glass, 
are usually covered with a thin layer of Cr, 
Ti, or MPS to improve the gold adhesion 
on the native SiC> 2 . This can be avoided 
if the silicon oxide is removed prior to 
evaporation, as gold was reported to adhere 
well to oxide-free, hydrogen-passivated 
Si(lll) [31, 42]. Hydrogen passivation 
can be achieved by chemical removal of 
the oxide followed by etching/passivation 
in concentrated HF and blow-drying 
(no water rinse). Following hydrogen 
passivation, the slides are transferred to 
the vacuum chamber for gold evaporation. 
Gold films on oxide-free Si cannot be 
annealed or stored for long periods of 
time, as the Si diffuses through the gold 
and reaches the surface (where it oxidizes) 
at moderate temperatures [43, 44]; the Si 
diffusion is effectively suppressed when 
the native SiC >2 layer is maintained. In Ref. 
31, no Si was detected on the gold surface 
(150 nm) 11 months after deposition; this 
may be due to the water rinse after the 
HF treatment, probably causing some Si 
oxidation. 

With Si surfaces that are not hydrogen 
passivated, a thorough cleaning pretreat- 
ment should be applied to the Si slides, 
such as cleaning in Piranha solution (at 
90 °C) for 5 min, rinsing with Millipore 
water, and drying under nitrogen [45, 46]. 

When adhesion layers are deposited 
prior to gold evaporation, their thickness 



is typically 1-10 nm (even 15 nm for Cr); 
thinner layers are generally favored. Most 
reports do not indicate Cr diffusion to 
the surface [45, 46]. Ulman and coworkers 
examined gold films (150-200 nm) on 
chromium-primed (75-100 A) Si wafers 
by Auger electron spectroscopy (AES), and 
found no Cr on the outer surface after 
two weeks. On the other hand, cyclic 
voltammetry showed chromium on the 
gold surface when thicker Cr layers were 
used, while no Cr was seen on the surface 
when an intermediate layer of 7 A was 
used [47]. In another case employing 
commercial slides [48], Cr was found to 
diffuse to the surface of the gold. The 
Cr was oxidized by sulfochromic acid and 
then dissolved in HF (this was suggested 
as a general cleaning procedure). Ti is 
less frequently used as an adhesion layer 
[49, 50], with layer thicknesses of ca. 
5-10 nm. WhenMPS is used for adhesion, 
the oxidized silicon wafer is treated twice 
(10 min each) with a hot solution of 
MPS and water in hot propanol (1:1: 40), 
followed by 10 min curing at 115 °C [47]. 
Si wafers (with a native SiC >2 layer) can also 
be used as substrates for gold evaporation 
without any adhesion layer [51]. 

Usually n-type silicon (111) or (100) 
wafers are used, although in many cases 
the orientation is not specified. Typical 
thicknesses of the gold films, as with simi- 
lar films on mica or glass, are 100-200 nm, 
although thicker or thinner films were also 
reported. Annealing in the vacuum cham- 
ber is not generally employed for gold films 
on silicon, but postdeposition annealing in 
air was reported [51]. 

The topography of the resulting gold 
surface is, in many cases, described as a 
“rolling hills’’ morphology. The surface is 
not atomically smooth but shows subtle 
variations of the thickness [52]. The 
average grain size is of the order of 
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'-“50 nm and the surface appears to be 
very smooth. X-ray diffraction suggests 
that at least 80% of the grains exhibit 
a (111) texture. An average roughness 
of ca. 10 A and a maximum gradient of 
ca. 10° from the horizontal was reported 
[53]. Films evaporated on either Si(100) 
or Si(lll) are usually described as being 
predominantly (111) textured. This is in 
contrast with the results of Golan et al. 

[10, 11], who reported nontextured gold on 
Si(100) for thin Au films (35 nm) with no 
adhesion layer. A comparative study [21] 
showed that the surface of gold on Si (as 
that of gold on glass) exhibited a (111) 
texture with evidence of (110) sites. The 
roughness factor was estimated by iodine 
chemisorption to be 1.1 [54]. 

Cold films evaporated on miscellaneous 
supports As mentioned in the Introduc- 
tion, with some techniques it is necessary 
to evaporate gold directly onto the analytic 
device. Examples include QCM [55-57] 
where the gold is evaporated directly onto 
the quartz crystal plates; prisms for surface 
plasmon resonance (SPR) [58]; and others. 

The roughness of the support and the fact 
that annealing may not be possible impose 
certain limitations on the resultant surface 
quality. Cleaning of the support, usually 
with Piranha or organic solvents and soni- 
cation, is important in these cases, and the 
use of an adhesion layer may be necessary. 
Initial polishing of the support may be 
needed with particularly rough surfaces. 

Other examples include laser desorp- 
tion Fourier transform mass spectrometry, 
where gold was evaporated onto precoated 
Macor tips [59]; infrared reflection spec- 
troscopy (IRS), where gold was evaporated 
onto Cr coated stainless steel rods [25]; and 
SAW [60-62] experiments, where gold was 
evaporated onto precoated SAW devices 
(ST-cut quartz with Al transducers). 
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Annealing procedures for evaporated gold films 
Flame annealing [63, 64] (usually in the 
reducing part of a hydrogen flame) not 
only produces larger grains, more uniform 
surfaces and large atomically flat terraces, 
it also serves to remove impurities, thereby 
eliminating the need for complicated 
cleaning procedures. The width of gold 
grains was found to increase fivefold after 
flame annealing [65]. 

Several annealing procedures have been 
reported, for example, annealing in an 
oven or flame annealing. Flame anneal- 
ing can be carried out either in a Bunsen 
burner flame or in a hydrogen flame. The 
temperature of the latter has been claimed 
to be too high by some authors, but the 
process is still widely used. Flame an- 
nealing is only recommended with gold 
on special heat-resistant glass, such as 
quartz or Tempax, while common mi- 
croscope slides are not suitable supports. 
Annealing in the vacuum chamber (as 
seen earlier) is usually reported for Au 
on mica only, while flame annealing ap- 
pears to be more popular with Au/glass 
and Au/silicon. Annealing in the oven at 
temperatures comparable to those of the 
flame leads to similar results but at the 
risk of increased contamination. 

A detailed STM study of the anneal- 
ing process in a wide temperature range 
(200-500 °C) was performed by Millo and 
coworkers [66], using 80-nm gold films 
evaporated onto glass cover slips. Anneal- 
ing was carried out in a temperature- 
controlled oven at atmospheric pressure. 
The authors found a monotonic increase in 
the average lateral grain dimension with 
annealing temperature (annealing time: 
18 h), and a more complex temperature 
dependence for the vertical roughness. 
A time-dependency experiment at 200 °C 
showed a monotonic decay of the sur- 
face roughness with time. They propose 


two different mechanisms, that is, surface 
diffusion, which is dominant at temper- 
atures up to 300 °C, and grain boundary 
migration and bulk-defect diffusion, which 
causes grain coarsening at higher temper- 
atures. 

Figures 1(a) and (b), respectively, show 
an evaporated gold film before and after 
flame annealing in a Bunsen burner flame 
[67], while Fig. 1(c) shows an SAM on the 
annealed surface. The sample was heated 
to dark red glow (700 °C) for ca. 1 min 
and quickly cooled on a copper block 
or in ethanol [68]. Surfaces of a similar 
quality can be produced by annealing 
in a hydrogen flame [69] (atomically 
flat terraces of several pm 2 size) or in 
a butane -oxygen flame [70] (defect-free 
terraces, 100-200 nm wide). 

Indirect flame annealing under nitrogen 
flow of Au films evaporated on mica 
was reported to produce high-quality gold 
surfaces with large, pm-size atomically flat 
terraces [23]. 

Cleaning procedures for evaporated gold 
samples Various elements may signifi- 
cantly influence the self-assembly process, 
and hence, the resultant monolayer struc- 
ture. These include the solvent, the struc- 
ture, and concentration of the adsorbing 
molecule, adsorption time and temper- 
ature, substrate annealing, and surface 
cleanliness. Hence, removal of impuri- 
ties present on the bare substrate prior 
to self-assembly plays an important role in 
determining the monolayer quality. Incon- 
sistency in the results reported by different 
groups can, in many cases, be traced to 
the use of different pretreatment proce- 
dures [71]. 

As a rule, the time between preparation 
of the substrate and its introduction into 
the adsorption solution, that is, the length 
of exposure to the ambient, should be kept 



Fig. 1 (a) A 200-nm gold film on glass 

(with a 2-nm intermediate Cr layer) 
before annealing (500 x 500 nm 2 ). 

(b) A similar gold film after flame 
annealing (500 x 500 nm 2 ). (c) A SAM 
of thiosalicylic acid on a surface similar 
to that in (b) (53 x 53 nm 2 ). Adapted 
from [67, 68]. 

to a minimum in order to minimize sur- 
face contamination. With freshly prepared 
gold substrates, rinsing the surface with 
ultrapure water or with ethanol and drying 
under a stream of purified air or nitro- 
gen may be sufficient. XPS showed that 
ethanol dip effectively removes surface 
contamination [72]. In addition, a large 
variety of cleaning procedures have been 
in use; these are required especially when 
gold substrates are prepared in batches and 
stored before use. In such cases, an aggres- 
sive pretreatment procedure may lead to an 
impurity-free substrate. It should be kept 
in mind that the pretreatment, in most 
cases, has little effect on the gold topog- 
raphy, crystallinity, and texture, which are 
determined primarily by the evaporation 
parameters and subsequent annealing (as 
seen earlier). 

• Chemical cleaning procedures: 

1. Immersion of substrates in Piranha 
solution (90 °C) for 5 min, followed 
by subsequent rinsing with Millipore 
water, and drying under a nitrogen 
stream [45]. Long exposures to hot 
Piranha may result in roughening of 
the gold surface [46]. 

2. Sonication in boiling 50 : 50 ethanol/ 
chloroform for 5 min, drying under 
nitrogen, covering of the gold surface 
with Piranha for 1 min followed by 
thorough rinsing with deionized wa- 
ter, hydrogen peroxide, and ethanol. 
Storage in ethanol for no more than 
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(c) 


24 h, exposure to air less than 30 s 
before self-assembly [71]. 

3. Ultrasonication in chlorobenzene, 
followed by immersion in a 5:1:1 
H2O/NH3/H2O2 solution at 80 °C 
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for 3 min [73]. Rinsing with the 
solvent and immediate immersion 
in the amphiphile solution. XPS 
showed reduction of the sulfur and 
nitrogen peaks to insignificant levels 
after cleaning. 

4. Rinsing with dilute hydrochloric 
acid, Millipore water and ethanol, 
drying under a stream of argon 
before self-assembly [54]. 

5. Cleaning in freshly prepared and 
cooled chromic acid, followed by 
thorough rinsing with deionized 
water [21, 74]. 

6. Repeated cycles of 30 s exposures to 
50 °C sulfochromic acid, 3% aque- 
ous HF and extensive rinsing. After 
three such cycles, transfer to the self- 
assembly solution [48], This method 
also removes Cr, which may diffuse 
to the surface from the adhesion 
layer. 

• Electrochemical cleaning: Electrochem- 
ical pretreatment of evaporated gold 
substrates, using a variety of potential 
windows, has been reported particularly 
in connection with electrochemical stud- 
ies of monolayer modified electrodes. 
For example, alternating the potential 
between —1.86 and 0.65 V versus satu- 
rated calomel electrode (SCE) in 0.5 M 
sulfuric acid [75]. Electrochemical clean- 
ing may be preceded by a chemical 
cleaning step, as in the following pro- 
cedures: Brief dipping in hot Piranha 
[76] or sonication in chloroform and im- 
mersion in hot (>100 °C) concentrated 
sulfuric acid [77], followed by potential 
cycling between —0.4 and 1.4 V ver- 
sus SCE in 0.5 M H2SO4 until a stable 
voltammogram is obtained. 

• UV /ozone - ethanol cleaning: Expo- 
sure to UV/ozone, which results in 


oxidative removal of organic contamina- 
tion as well as some oxidation of the gold 
surface itself, followed by immersion in 
ethanol, which reacts to reduce the gold 
oxide to metallic gold [34]. The UV irradi- 
ation serves to excite organic molecules 
on the surface, thereby facilitating their 
oxidation by the ozone. This procedure 
has the advantage of the major clean- 
ing step being a “dry” process (same 
as plasma cleaning, see the following), 
thus minimizing the possibility of con- 
tamination originating from cleaning 
solutions. The procedure is effective, 
but causes formation of one-atom-deep 
pits on atomically flat terraces, as seen 
by STM [34]. On the other hand, on 
polycrystalline samples, a smoothening 
effect was reported, caused by removal of 
oxidized gold grains in the ethanol [78]. 
A general review of UV/ozone treatment 
can be found in [79]. 

• Plasma cleaning: Exposure to oxygen 
plasma, followed by removal of the 
gold oxide layer (generated by the 
reactive oxygen) by dipping in ethanol 
[35]. The effectiveness of the cleaning 
procedure is similar to that of the 
UV/ozone - ethanol treatment, but the 
more aggressive oxygen plasma induces 
considerable roughening of the gold 
surface. The oxide layer can also be 
removed by subsequent exposure of the 
sample to hydrogen plasma [80], The 
use of air (rather than oxygen) plasma 
for cleaning evaporated gold films was 
also reported [81]. 

T9. 3. 1.1. 2 Sputtered Cold Films The 

sputtering process includes bombardment 
of a target (e.g. gold) surface by energetic 
ions, resulting in ejection of atoms from 
the target that can be condensed on the 
surface to be coated, forming a film on the 
latter. 



Pretreatment of the support prior to gold 
coating and cleaning of the sputtered gold 
prior to monolayer adsorption (chemical, 
electrochemical, or a combination), are 
similar to those described earlier for 
evaporated gold films. Borosilicate glass 
(microscope slides), mica, or silicon have 
been used as support materials. Adhesion 
is usually improved by precoating with Ti 
or Cr, but, in the case of glass, roughening 
by argon plasma may also be used [82, 83], 

A nontextured, pebble-like structure was 
found for sputtered gold films [10], at- 
tributed to surface damage induced by the 
energetic impact and the resulting large 
number of nucleation sites. Annealing of 
such films leads to enlargement of the 
grains, most significantly in films on glass 
or mica. X-ray diffraction patterns of sput- 
tered gold films on silicon indicated that 
the films were polycrystalline and highly 
oriented in the (111) direction [84]. Other 
authors described sputtered films on glass 
as having irregularly shaped domains that 
are “relatively flat at the nanometer level,” 
separated by nanometer-sized valleys [85], 
while others estimated a roughness of 
~6 nm for similar substrates [86]. 

In general, sputtered films are not 
used when well-defined (111) surfaces are 
sought (as in structural investigations), 
but are used in studies concerned with 
chemical or electrochemical properties of 
the resulting SAMs. 

It seems clear from the literature that 
gold sputtering carried out in different labs 
results in films of very different properties, 
while gold evaporation is a much more 
uniform process in terms of films prepared 
by different groups. 

1 .9.3.1 .1 .3 Electroless Deposited Cold 

Films Electroless metal deposition refers 
to reductive deposition from a solution 
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of the metal ions, but, unlike in elec- 
trolytic processes, the reduction is chem- 
ical (catalyzed by the substrate) and no 
external electrical current is applied dur- 
ing the deposition. It was shown that gold, 
deposited electrolessly onto glass, shows 
significant (200), (220), and (311) reflec- 
tions in X-ray diffraction, although (111) is 
the major crystallographic orientation [87]. 

The same authors showed that the differ- 
ence in substrate orientation (evaporated 
vs electroless gold) resulted in the tilt angle 
of the SAM chains being markedly smaller 
on electroless gold compared to that on 
evaporated gold. 

Gold can also be electrolessly deposited 
on a seed layer of evaporated gold [88], re- 
sulting in a (111) textured substrate. This 
can be used to thicken gold microstruc- 
tures while maintaining the morphology 
of the evaporated layer. Gold was de- 
posited (1) by electroless deposition onto 
high-index glass, followed by annealing 
(250 °C for 3h) and electrochemical clean- 
ing; or (2) as a thin (5 nm) film evaporated 
onto a 1-nm Ti adhesive layer on a glass mi- 
croscope slide, followed by immersion in 
a gold plating solution (Na 3 Au(SC> 3)2 and 
formaldehyde) at room temperature. The 
electroless deposition is initially catalyzed 
by the evaporated gold film, and then au- 
tocatalyzed by the electrolessly deposited 
gold. X-ray diffraction showed only (111) 

(and very small (222)) reflections. Epitaxial 
growth of electroless Au (111) on a seed 
layer of evaporated gold may be useful in 
microfabrication applications. 

1. 9. 3. 1.1.4 Template-stripped Gold Tem- 
plate-stripped gold (TSG) refers to evapora- 
tion of gold onto a highly smooth support 
(cleaved mica or highly polished silicon), 
separating the gold from the support, and 
using the gold face that was previously in 
contact with the support (Fig. 2). 
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Fig. 2 (a) Schematic representation of Ni— TSG preparation. Adapted from [89], (b) Schematic 

representation of the preparation of TSG surfaces using epoxy glue. Adapted from [90], 


A common procedure consists of 
epitaxially growing gold on freshly cleaved 
mica, gluing the slide face down (i.e. 
the gold face) onto a silicon wafer, and 
stripping the mica off (Fig. 2b). The TSG 
surface is nearly as flat as that of the mica 
[91]. It has been described as an ultraflat 
polycrystalline Au (111) surface. The TSG 
thus produced cannot be used in solvents 
such as chloroform, which swell the epoxy 
glue and thus disrupt the gold layer. A 
number of alternative ways of preparing 
TSG have therefore been devised by Wag- 
ner et al. [90] (Fig. 3) using, for example, 
ceramic glues, which are inert in organic 
solvents. Hence, a 200-nm gold film was 
evaporated onto mica at 300 °C in either 
one or two steps. The latter procedure 
included interrupting the evaporation af- 
ter 5-nm thickness, annealing for 6 h at 
300 °C, and then concluding the deposi- 
tion. The gold slides were glued face down 
onto Si (100) wafers or glass cover slips 
using epoxy glue and cured. Stripping was 
achieved by soaking in tetrahydrofuran 
(THF), which causes detachment of the 


mica layer from the gold. Optically trans- 
parent gold was similarly produced, by 
depositing only 20-nm gold. Gluing with 
Panavia required evaporation of an addi- 
tional 200-nm layer of tin to facilitate the 
adhesion. Using Cerastil required a 10-nm 
titanium layer and a 150-nm silicon diox- 
ide layer. In the two latter cases, the mica 
was stripped off using a Scotch tape. These 
surfaces were described as being particu- 
larly suitable for biological investigations. 
Epoxy- and ceramic-glued surfaces were 
shown by STM to have a (111) orientation 
and a mean roughness that was at least 10 
times lower than that of evaporated gold 
surfaces. Characteristic triangular facets 
can often be seen (Fig. 3b). XPS analysis 
showed that only trace amounts of Si and 
Al were left on the surface. 

A similar approach makes use of highly 
polished silicon wafers, claiming eas- 
ier and more complete separation of 
the gold from the template [92]. Sili- 
con wafers with thermally grown oxide 
layers were sonicated in double-deionized 
water, methanol, dichloromethane, and 
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(c) (d) 

Fig. 3 (a) A gold (1 1 1) surface deposited on mica at 300°C 

(mean roughness, 32.5 A), (b) A TSC surface (mean roughness, 
2.6 A), (c) N-palmitoylcysteamine SAM prepared from disulfide 
precursor on the TSG substrate, (d) Same, formed by in situ 
acylation of a cysteamine SAM on TSG. All adapted from Ref. 90. 


methanol. A 100-150 nm thick gold layer 
was evaporated at ambient temperatures. 
The samples were glued to glass slides 
with epoxy glue, and cured. The glass sub- 
strate was separated from the gold using 
tweezers. The average roughness of the 
gold surfaces thus obtained was ca. 2-3 A, 
regardless of the size of the scanned area 
(in the micrometer range). Atomic force 
microscope (AFM) images did not reveal 
any structure on the surfaces; in only a few 
cases could grain boundaries be identified. 

A different procedure for supporting 
the gold film was described by Rabe and 
coworkers [89], where TSG films were sup- 
ported by a thick layer of electrodeposited 
Ni (Fig. 2a). These TSG films are com- 
pletely solvent-resistant and can be readily 


used for monolayer self-assembly. Thus, 
200-nm gold were evaporated onto freshly 
cleaved muscovite mica, followed by elec- 
troplating 200-gm Ni on the gold surface. 
The mica was stripped off mechanically us- 
ing tweezers. The TSG substrates thereby 
obtained are flatter than those reported 
previously (due to minimal mechanical 
stress) and can be used in organic sol- 
vents. STM images showed atomically fiat 
terraces extending up to several hundred 
nanometers and include triangular areas 
with 60° angles. 

Of special interest is the TSG prepara- 
tion procedure developed by Ulman and 
coworkers [93]. The new aspect in their 
scheme concerns the separation step, in 
which the mica is stripped from the 
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evaporated gold. In this procedure, the 
mica stripping is performed in the thiol 
solution, such that monolayer assembly is 
carried out in situ without any preexposure 
of the gold surface to the ambient. SAMs of 
exceptional quality were reported, showing 
essentially no contact-angle hysteresis. 

1 .9.3. 1. 2 Bulk Cold 

1.9. 3. 1.2.1 Polycrystalline Cold Polycrys- 
talline bulk gold substrates, usually in the 
form of wires, rods, disks or foils, are 
characterized by a surface that consists of 
randomly oriented crystallites. Although 
simple polycrystalline gold “flags” heated 
to incandescence in an air-gas flame may 
be used [77], the preparation of poly- 
crystalline gold surfaces usually involves 
several steps. Pretreatment includes pol- 
ishing, etching, and cleaning, and in some 
cases, encasement in epoxy or glass to pro- 
vide a defined surface area. Polycrystalline 
surfaces may be used with macroscopic 
methods; when the primary intent of the 
study is concerned only with chemical or 
electrochemical properties of the mono- 
layer; when a well-defined crystal plane is 
not needed for the implementation of a 
certain analytical method; and when the 
2D lattice of the SAM is not of interest. 
The use of a polycrystalline substrate may 
be preferred for certain practical applica- 
tions, such as, for example, electrodes for 
dispensable sensors. 

Polishing is usually carried out with alu- 
mina slurry, while etching is done with hot 
nitric acid or with aqua regia for several 
minutes. On polycrystalline gold etched by 
either concentrated or dilute aqua regia 
(3:1:6 HC1/HN0 3 /H 2 0) at room tem- 
perature for 5 min, a “splotchy” surface 
was observed by optical microscopy, in 
which uniform regions were proposed to 
correspond to single grains of gold in the 


polycrystalline material [47]. SEM images 
showed rough ridges and deep etch pits. 

Encasement to produce a well-defined 
substrate area was achieved, for example, 
in an electrochemical cell with a circular 
hole to which a gold electrode (consisting 
of a square of bulk polycrystalline gold) 
was pressed using an O-ring [94]. When 
applying gold wires, these are usually 
annealed and embedded in epoxy [95] 
or glass [96]. A gold disk (i.e. the wire 
cross-section) is then exposed, which is 
smoothed by sanding and polishing the 
end of the assembly. These substrates are 
easier to handle and eliminate the need for 
O-ring type cells [95]. Such wire substrates 
are usually pretreated by etching in dilute 
aqua regia or by cleaning in Piranha and 
rinsing with water or ethanol. 

Another option is the use of a piece 
of bulk gold, which is coated with 
a thin layer of evaporated gold [97, 
98], Pieces of bulk polycrystalline gold 
were mechanically polished, rinsed with 
deionized water and hexane, and subjected 
to U V /ozone treatment. Then 200 nm 
gold were evaporated on both sides of 
the pieces. X-ray diffraction showed the 
surfaces to be polycrystalline with the 
predominant orientations (111), (220), and 
(311). 

Specially roughened polycrystalline gold 
surfaces were used for surface-enhanced 
Raman scattering (SERS) experiments. 
Gao et al. [99] used a 4-mm gold disk 
sheathed in Teflon, which was me- 
chanically polished with 0.3-pm alumina 
and rinsed with water. The gold sur- 
face was electrochemically roughened by 
repeated oxidation-reduction cycles in 
0.1 M KCl, to yield SERS activity. In 
another study, roughened polycrystalline 
gold substrates were used for Raman 
spectroscopy, XPS, and electrochemistry 
[100]. Polycrystalline surfaces were cleaned 



with Piranha, mechanically polished with 
successive grades of alumina down to 
0.05 pm, rinsed in water and ethanol, 
and sonicated. The surfaces were elec- 
trochemically polished by scanning the 
potential at least 10 times between —0.2 
and +1.2 V versus SCE in 1.0 M H2SO4. 
Milder roughening was achieved by ap- 
plying three cycles in 0.1 M KC1 (same 
potential range). 

1.9. 3. 1.2. 2 Commercial Cold Single 
Crystals As noted earlier, for certain 
applications, single-crystalline surfaces are 
essential. In some cases, gold films do 
not provide the necessary quality, or are 
difficult to prepare reproducibly, or are 
impractical to handle due to geometrical or 
instrumental reasons. Furthermore, if the 
study requires substrate orientations other 
than (111), there is almost no alternative 
to bulk single crystals. Depending on the 
initial quality of the crystal, all or some 
of the following preparative steps may 
be necessary: cutting, orienting, polishing, 
etching, cleaning, and annealing. The first 
two steps maybe omitted if the commercial 
crystal is received in perfect condition. 
Orientation of the (111) plane to within 
0.5° or better is advantageous, unless the 
study deals with the influence of a well- 
defined density of steps. 

Polishing is usually done with alumina 
paste, while etching may be carried out 
by dipping in aqua regia or other solu- 
tions, for example, aqueous solution of 
KI (4M)/l2 (6M) [28]. In cases where the 
crystal is not used in ultrahigh vacuum 
(UHV), flame annealing is widely applied, 
while the cleaning techniques are those 
described above for gold films. For crys- 
tals that are used in a vacuum chamber, 
the following procedures have been de- 
veloped: The crystal is cleaned of trace 
carbon, sulfur, and calcium by neon ion 
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bombardment at 300 K and 900 K [101] 
or argon ion bombardment [102]. Anneal- 
ing is also performed in vacuum (a wide 
temperature range is found, for exam- 
ple, 900 K [101] or 800 °C [102]) while 
the cleanliness can be monitored with 
AES and LEED. This procedure produced 
large, impurity-free surfaces with atomi- 
cally flat terraces, ~500-1500 A wide. The 
LEED patterns corresponded to the well- 
known gold 23 x ^/3 reconstruction [102]. 
Repeated cycles of argon sputtering and 
annealing led to perfect surfaces showing 
the herringbone structure of the recon- 
structed (111) surface [103-105]. 

1.9. 3. 1.3 Cold Beads The relatively sim- 
ple procedure of preparing atomically flat 
gold surfaces in air using gold beads was 
originally developed by Hsu and Cowley 
for reflection electron microscopy [106]. 
Schneir et al. [107] followed that procedure 
in order to obtain highly ordered surfaces 
for STM. A 0.5 -mm thick gold wire was 
melted in air by slowly pushing it into an 
oxygen -acetylene flame (set half-way be- 
tween oxygen-rich and acetylene-rich). The 
wire forms a molten ball of gold at the end, 
which grows as more wire is fed into the 
flame. A wire of 4 cm produces a sphere 
ca. 2 mm across. As the gold ball crystal- 
lizes, atomically flat facets are formed on 
the sides. Most of these are perfect (111) 
crystal planes. 

Gold beads were used, for example, 
by Crooks and coworkers [108, 109] to 
perform STM lithography on SAMs. The 
0.25-mm diameter gold wire was first 
cleaned in Piranha solution, and then 
melted in a H2/O2 flame under nitrogen 
and annealed in a cooler region of the 
flame. This procedure yielded spheres 
0.6-1 mm in diameter, which exhibited 
(111) facets, typically elliptical in shape 
with a long axis of ca. 100 pm, consisting 
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of atomically flat terraces of ca. 100-nm 
width. The beads were cleaned again in 
Piranha and rinsed with ethanol, and 
finally coated with silicone rubber leaving 
a single Au (111) facet exposed. This facet 
was polished electrochemically in 0.1 M 
HCIO 4/5 x 10“ 5 M HC1 solution. 

1.9. 3.1.4 Oxidized Cold Rubinstein and 
coworkers studied thiol monolayer assem- 
bly on preoxidized gold. The substrates 
were (111) textured gold films evaporated 
on glass; oxidation was achieved by ei- 
ther exposing the gold surface to oxygen 
plasma [35] or to UV/ozone [34]. The de- 
gree of oxidation was controlled by the 
length of exposure and monitored by ellip- 
sometry and stripping voltammetry. The 
authors concluded that densely packed 
alkanethiol monolayers can be assembled 
on gold oxide surfaces, and that the (inher- 
ently unstable) gold oxide is stabilized for 
long periods of time under the blocking 
monolayer. In another study [36], mono- 
layers were assembled in ethanol solutions 
onto gold surfaces held at positive poten- 
tials. It was shown that the net result of 
the simultaneous monolayer adsorption 
(enhanced by the applied potential), gold 
oxidation, and oxidative monolayer des- 
orption, is considerably faster monolayer 
formation relative to the case of no applied 
potential. It was also shown that, unlike 
thiols, disulfides do not form monolayers 
on oxidized gold. 

Woodward et al. [110] assembled a series 
of alkanethiols on thin (5 nm) gold films 
evaporated on Cr-primed Si wafers and 
preoxidized by UV/ozone treatment. AFM 
imaging after self-assembly showed sur- 
faces covered with islands, whose height 
scales with the alkanethiol chain length 
and is about twice the molecule length. No 
oxygen was found (by XPS) on the surface. 
The authors suggested that the islands are 


gold-alkanethiolate bilayers, formed by re- 
action of the alkanethiols with gold oxide. 

Grunze and coworkers [111] studied the 
formation of alkanethiol SAMs on gold 
(100 nm films on silicon + Ti intermediate 
layer), sputtered with Ar and oxidized by 
exposure to atomic oxygen in UHV. Gold 
oxide formation was monitored by XPS, 
up to 16 A thick (after 20 min). The oxide 
layer was not affected by water rinse, 
but was gradually removed in ethanol 
(see section on Cleaning procedures for 
evaporated gold samples) or by exposure to 
air. The self-assembly process was strongly 
influenced by the presence of the oxide. 
Encapsulated gold oxide was found under 
the monolayer, which contained more thiol 
molecules than similar monolayers on 
regular gold. 

1 .9.3.1 .5 Other Gold Substrates for Special 
Applications Several other types of gold 
substrates have been reported in connec- 
tion with certain characterization methods 
or specific applications. A number of these 
are described below. 

1.9. 3. 1.5.1 Gold Powder The adsorption 
of a thiol on gold powder was used to 
study the change in the chemical com- 
position of the immersion solution dur- 
ing the modification process [112]. Gold 
powder (aggregates of spherical particles, 
0.2-0. 6 pm diameter) was passed through 
100 mesh sieves and cleaned with ethanol. 
Self-assembly was carried out by shak- 
ing the powder in ethanolic solution of 
aminobenzenethiol while monitoring the 
UV spectrum of the supernatant solution. 

1.9. 3. 1.5. 2 Gold Colloids (Nanoparticles) 

Gold nanoparticles capped with thiol 
SAMs were synthesized by Brust, Schif- 
frin, and coworkers using a two-phase 



procedure [113]. The monolayer-protected 
nanoparticles are hydrophobic and form 
stable colloids in organic solvents. Fol- 
lowing this original work, the use of 
monolayer-capped metal nanoparticles has 
become widespread, as summarized in 
several review articles and books (see 
e.g. [114]). 

1.9. 3. 1.5. 3 Transparent Cold Foil Strong 
and Whitesides [115] used a variation of 
Pashley’s method [116, 117] to produce 
single-crystal gold foils for TEM investi- 
gation. Gold was evaporated onto freshly 
cleaved NaCl (100) and BaF 2 (111) sur- 
faces held at 300 °C. After evaporation 
of 60-80 nm gold, the temperature was 
raised to 450 °C and subsequently lowered 
slowly to room temperature. The supports 
were then dissolved in water to yield ori- 
ented crystalline foils, 40-80 nm thick, 
which were floated onto TEM grids and 
sandwiched between perforated covers to 
allow electrochemical pretreatment. The 
foils were rinsed with distilled water be- 
fore immersing them in the adsorption 
solution, and used for TEM and elec- 
tron diffraction studies of the structures 
of SAMs of various organosulfur com- 
pounds. 

1.9. 3. 1.5.4 Ultrathin Cold Island Films 

Ultrathin (nominal thickness, ca. 10- 
100 A) gold films evaporated on mica [118, 
119] or quartz [120], possibly followed by 
annealing, were used by Rubinstein and 
coworkers as substrates for transmission 
of UV-vis spectroscopy of monolayers on 
gold (Fig. 4). Such films exhibit an array 
of (111) textured islands, increasing in 
size with increasing gold nominal thick- 
ness. The use of gold island films enabled 
to perform transmission UV-vis spec- 
troscopy of chromophoric monolayers, 
with submonolayer sensitivity. Monitoring 
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changes in the gold localized surface 
plasmon absorbance, resulting from ad- 
sorption of molecules on the gold island 
surface, was suggested as a general method 
for sensing molecular binding to gold [120, 

121] as well as biosensing [122]. The mor- 
phology and optical properties of gold 
island films prepared by evaporation on 
silanized glass were studied [123], 

A different approach to the prepara- 
tion of gold and silver island films, 
termed nanosphere lithography, was devel- 
oped by Schatz, Van Duyne and cowork- 
ers. The metal is evaporated through 
a mask comprising hexagonally close- 
packed polystyrene nanospheres, creating 
an array of triangularly shaped islands. 
Changes in the localized surface plasmon 
absorbance were measured during self- 
assembly of an organic multilayer [124]. 

T9. 3. 1.5. 5 Electroplated Gold Films 

Solid metal blocks were used to facilitate 
mounting of samples in spectrometers and 
cryostats in the study of semiconductor 
nanocrystals bound to metal surfaces 
[125]. The samples consisted of aluminum 
blocks on which gold films (1 pm) were 
electroplated. In this procedure, significant 
etching pretreatment of the aluminum 
produced a much smoother surface with 
a mirror finish. Such block samples, 
though ideal for low-temperature and 
photoemission applications, were rough 
and showed relatively low monolayer 
coverages 

1.9. 3. 1.5. 6 Composite Substrates A 

small number of studies have been pub- 
lished that deal with monolayer self- 
assembly on composite surfaces, where 
one of the surface components is gold. 
Whitesides and coworkers [126] produced 
gold-Al 2 C >3 composite substrates by 
microlithography, on which they formed 
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(a) (b) 


Fig. 4 (a) Noncontact AFM image (500 x 500 nm 2 ) of a gold island film (nominal thickness, 

25 A) evaporated on quartz at 0.05 A s _1 . Adapted from [120]. (b) Tapping mode AFM 
phase-shift image of a gold island film (nominal thickness, 1 00 A) evaporated on mica at 
0. 2-0.4 A s -1 and annealed for 3 h at 250°C (1 .0 x 1 .0 pm 2 ). Adapted from [1 19]. 


mixed monolayers comprising thiol and 
carboxylate components by self-assembly 
from a common solution. They demon- 
strated (using scanning Auger) “orthogo- 
nal self-assembly,” that is, selective bind- 
ing of the thiols to the gold and the 
carboxylates to the AI 2 O 3 . 

A different approach was reported by 
Shabtai et al. [43, 44], who prepared 
gold-SiC >2 composite surfaces. The pro- 
cess included evaporation of gold onto 
oxide-free (hydrogen passivated) Si (111) 
wafers, followed by thermal diffusion of 
Si through the gold film to reach the 
gold surface, where it forms SiC >2 islands. 
The authors assembled mixed thiol-silane 
monolayers on the gold-SiC >2 surfaces, 
and, using a new XPS-based method (Con- 
trolled Surface Charging), they were able 
to establish selective binding of the thiols 
to the gold and the silanes to the SiC> 2 . 

1.9. 3. 1.6 Comparative Studies A num- 
ber of studies have been published where 
monolayer adsorption on different gold 


surfaces was compared. Some of these are 
summarized below. 

Creageret al. [47] suggested that the gold 
topography (in terms of microscopic sur- 
face roughness) plays a role in alkanethiol 
adsorption. This was tested by compar- 
ing the blocking properties of alkanethiol 
monolayers on evaporated gold films ver- 
sus etched polycrystalline gold electrodes. 
The defectiveness of the monolayers var- 
ied with the gold preparation method, that 
is, bulk gold substrates etched with aqua 
regia yielded monolayers with significantly 
fewer defects and superior blocking of elec- 
trochemical reactivity than those prepared 
on evaporated gold films. STM showed 
that the etched gold, while macroscopi- 
cally rough, is microscopically flatter than 
the evaporated gold. 

Guo etal.[19] showed that the block- 
ing properties of SAMs change with the 
pinhole density, decreasing dramatically 
as the substrate is made smoother. For 
evaporated gold on mica, they showed 
that ( 1 ) the gold surface roughness was 


controlled by the mica temperature dur- 
ing evaporation, influencing, in turn, 
the blocking characteristics of the SAM; 
and (2) the formation of dense blocking 
SAMs was inhibited as the gold became 
smoother. By comparing these substrates 
with gold on Si (which is macroscopically 
rougher), pretreated in acidic peroxide and 
by potential cycling, they suggested that 
Au surface pretreatment, rather than sur- 
face roughness, plays the more important 
role in molecular self-assembly. 

Porter and coworkers [127] compared 
SAMs on gold films (300 nm) evaporated 
on Si (100), mica, and glass. Silicon and 
glass (but not mica) were precoated with 
a 15-nm Cr adhesion layer. Si and glass 
samples were not annealed, while mica 
samples were annealed. The authors used 
voltammetric reductive desorption and 
structural characterizations of thiol SAMs, 
as well as morphological assessment of 
the substrates. They concluded that differ- 
ences in the voltammetry originate from 
difference in the microscopic roughness 
of the substrates, that is, the surface of 
the gold on mica is strongly (111) terraced, 
while the surface of gold on glass or Si 
has a higher step density. In other words, 
different types of monolayer binding sites 
produce differences in the reductive mono- 
layer desorption. 

1.9. 3. 2 Silver 

As in the case of gold, the most com- 
mon substrates are evaporated films and 
bulk metal, showing different degrees of 
crystallinity. 

1.9. 3. 2.1 Silver Films on Supports Sup- 
port materials for evaporated silver films 
include silicon (either (111) or (100) ori- 
entations), freshly cleaved mica, or glass 
slides. In most cases, the glass or silicon 
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substrate is precoated with a thin (several 
nm) Cr adhesion layer. Film thicknesses 
usually range between 100 and 200 nm, 
using evaporation rates of 5-30 A s -1 and 
a substrate temperature of ca. 300 °C (pre- 
ferred). As silver oxidizes spontaneously 
in the ambient, postevaporation filling of 
the evaporator with argon or nitrogen is 
recommended. The presence of oxide on 
the silver surface appears to play only a 
minor role with respect to SAMs, but it 
has to be considered. Surface composi- 
tion of evaporated Ag films, as studied 
by AES, showed sulfur, chlorine, carbon, 
and oxygen, reflecting the formation of ca. 

2-5 monolayers of oxide [128]. This study 
showed that the oxygen content of freshly 
evaporated silver films almost doubled for 
2 h in laboratory atmosphere, pointing to 
the need to avoid unnecessary delay in 
transferring the substrates to the adsorp- 
tion solution. Transfer of evaporated Ag 
films under argon to the modification so- 
lution was reported, although there are 
indications that even under these condi- 
tions the surfaces are covered by a thin 
oxide film [129]. 

Surface characterization of silver films 
evaporated on mica or Si showed that 
the films consisted of small (ca. 25 nm) 
rough crystallites. The underpotential de- 
position (UPD) experiments indicated that 
the Ag films on all different supports were 
composed of Ag (100) and/or Ag (110) do- 
mains [21]; this differs from other reports 
on evaporated Ag films, which are usually 
described as heavily (111) textured (e.g. 
[130]), though less so than gold films pre- 
pared under similar conditions. Dhirani 
et al. [131] described silver films on mica as 
large grains, ca. 500 nm in diameter, with 
the tops showing atomically flat terraces 
containing monatomic steps. In another 
study, (111) -oriented surfaces (200 nm Ag 
on mica, evaporated at 250-300 °C) with 
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atomically flat terraces as large as several 
1000 nm 2 [132] were reported. A compar- 
ative study of Ag, Au, Pd, and Cr films 
on mica showed increasing grain size and 
grain flattening as the substrate tempera- 
ture is increased (—150 to 400 °C) [12]. 

Silver is the substrate of choice for SERS 
experiments, where bulk silver is usually 
used (see Sect. 1.9. 3. 2. 2). However, if silver 
is evaporated on preroughened slides, the 
resulting substrates are rough enough for 
SERS purposes. In one such procedure 
[133], microscope slides were cleaned and 
then roughened by depositing a 600-nm 
thick layer of calcium fluoride, followed by 
evaporation of 50 nm of silver. 

Jennings and Laibinis [134, 135] pre- 
pared atomic layers of silver on evaporated 
gold films by electrochemical UPD, to be 
used as substrates for self-assembly of alka- 
nethiols. The UPD process was carried 
out in aqueous Ag 2 SC >4 solution, and the 
Au/Ag(UPD) substrates were transferred 
in air to the adsorption solution. 

Discontinuous, island-type silver films 
were prepared by Van Duyne and cowork- 
ers using nanosphere lithography (see 
Sect. 1.8. 3. 1.5.4) [136]. They were used 
primarily to study the properties of the 
localized surface plasmon absorbance of 
such films, including investigation of the 
dependence of the absorbance on the chain 
length of alkanethiol SAMs adsorbed on 
the island films [137]. 

1.9. 3. 2. 2 BulkSilver Polycrystalline bulk 
silver substrates are mainly used for 
SERS analysis of SAMs, and also with 
other analytical techniques. SERS requires 
roughening of the sample (usually a sil- 
ver disk), carried out by polishing with 
alumina grid and/or sanding on silicon 
carbide sandpaper (the roughness in both 
cases depends on the grid size), usually 
followed by electrochemical cycling, for 


example, in 0.1 M KCl [138, 139]. Another 
procedure for electrochemical roughen- 
ing of bulk Ag includes three cycles in 
1 M NaClC> 4 , from —0.5 to 0.6 V versus 
Ag/AgCl, holding the potential for 30 s and 
10 s at the negative and positive potential 
limits, respectively [140]. After roughen- 
ing, the substrate is rinsed with water 
or ethanol and inserted into the adsorp- 
tion solution. Silver substrates (including 
foils) may also be roughened by etching in 
HN0 3 (> 3.5 M) [141, 142], 

T9. 3. 3 Copper 

SAMs on copper have attracted relatively 
large attention, because of possible applica- 
tion in corrosion protection, interconnects 
in solid-state devices, and as a model sys- 
tem for self-assembly on nonnoble metals. 
In addition to this application-oriented 
interest, several basic studies have been 
conducted on the properties and structure 
of SAMs on copper. 

T9. 3. 3.1 Copper Films on Supports The 

supports of choice for evaporated copper 
films are mica, glass, and silicon, the latter 
two requiring an intermediate layer of Cr 
to facilitate the adhesion. Film thicknesses 
are similar to those of gold, that is, 
5-20 nm of Cr and 100-200 nm of Cu. 
Surface oxidation in air is more severe than 
in the case of silver; hence, postdeposition 
filling of the evaporator has to be done with 
argon or nitrogen, and the samples have 
to be transferred under argon or nitrogen 
flow. If this procedure is carried out no 
later than 5 min after evaporation, no oxide 
is found on the copper surface [143]. 

Freshly evaporated copper samples left 
in air prior to self-assembly are quickly 
covered with an oxide layer. Better-defined 
evaporated copper surfaces were ob- 
tained by sputter cleaning and subsequent 



annealing (320 °C for 3 h) under UHV con- 
ditions [144]. Oxide thicknesses of samples 
not deliberately oxidized were determined 
by XPS. The thickest oxide layer (>25 A) 
was found on a sample left to age in 
air; freshly evaporated samples, or sputter- 
annealed samples exposed to air for 2 min, 
showed oxide thicknesses of ca. 10 A; 
sputter-annealed samples freshly out of 
the UHV chamber yielded an average oxide 
thickness of less than 1 A. Self-assembly 
from ethanol solutions produced inferior 
monolayers compared with toluene solu- 
tions, presumably due to strong adsorption 
of ethanol on Cu [144]. 

Other XPS studies on Cu films evap- 
orated on mica showed that although 
untreated Cu surfaces have a relatively 
large amount of CuO and Cu(OH )2 on 
the surface [145], after thiol self-assembly, 
no CuO or Cu(OH )2 was detectable, the 
amount of oxygen being reduced by a fac- 
tor of 20. The authors concluded that the 
copper oxide/hydroxide is transformed to 
copper thiolate. 

Copper films evaporated on silicon were 
described as heavily { 111 } textured, but 
less so than gold prepared under similar 
conditions [130]. Unlike Au and Ag, 
Cu films are sensitive to the specific 
evaporator used. Copper deposition under 
poor vacuum conditions produced random 
polycrystalline surfaces. 

A different approach to obtaining copper 
films was reported by Laibinis and cowork- 
ers, who prepared atomic layers of copper 
by electrochemical UPD on evaporated 
gold films. The Au/Cu(UPD) samples 
were used as substrates for self-assembly 
of allcanethiol [135] or allcanephospho- 
nate [146] monolayers. The UPD process 
was carried out in aqueous CuSC >4 so- 
lution, and the Au/Cu(UPD) substrates 
were transferred in air to the adsorption 
solution. 
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T9. 3. 3. 2 Bulk Copper Preparation of 
bulk copper surfaces (samples may consist 
of rods, foils, or disks) includes polishing, 
rinsing, and in some cases degreasing. 
When samples are used for SERS, a rough- 
ening step is added. This was achieved by 

4 min etching in 12% HNO 3 under vigor- 
ous stirring [133]. Copper foils, immersed 
in 3-5 M HNO 3 for several minutes, were 
described as having a red and sponge-type 
surface [147]. If no roughening is desired, 
initial preparation of the surface may con- 
sist of polishing with emery paper and 
alumina and ultrasonic cleaning in water 
and acetone [148]. Surface oxide removal 
for SAM adsorption may be achieved by 
galvanostatic reduction (1 mA cm -2 for 

5 min) of a Cu electrode in 1 N HCIO 4 
under N 2 atmosphere, followed by rinsing 
in deaerated EtOH/H 2 0 (1:1) [148]. An- 
other approach consists of controlled oxide 
growth and its chemical removal [149]. 
Polycrystalline Cu sheets were polished 
with alumina powder (0.3 pm) , rinsed with 
deionized water and degreased ultrason- 
ically in acetone. Oxide was grown by 
immersion in a hydrogen peroxide solu- 
tion at 100 °C for 15 min. Removal of the 
oxide layer was carried out by etching in a 
7 M HNO 3 solution for 1 min. 

T9. 3. 3. 3 Copper Oxide It has been sug- 
gested that the oxide layers on copper 
surfaces may be instrumental in the for- 
mation of SAMs on copper. This was 
investigated by Sung et al. [149], who car- 
ried out a comparative study on SAMs 
on bare copper and on well-defined cop- 
per oxide layers. A polycrystalline copper 
sheet (polished, rinsed, and degreased ul- 
trasonically) was superficially oxidized by 
15 min immersion in hydrogen peroxide 
at 100 °C, generating an oxide layer of 
ca. 50 nm thickness. The authors found 
that alkanethiols do not adsorb directly 
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onto the oxidized copper, but rather re- 
duce the oxide upon disulfide formation. 
The monolayer is thus formed on a re- 
duced Cu surface. These findings are in 
agreement with the previous work of Ron 
et al. [144], who showed that high-quality 
alkanethiol monolayers can be formed on 
copper surfaces covered with a thin oxide 
layer, proposing the same mechanism. 

1.9. 3. 4 Iron 

Iron in air is covered with a thick and 
dense oxide layer, which is further blocked 
with contaminants such as water, CO, 
or hydrocarbons. Clean oxide-free iron 
surfaces can be prepared by Ar ion 
sputtering in UHV or by electrochemical 
reduction. 

Stratmann and coworkers [150] de- 
scribed a procedure for thiol monolayer 
assembly on metallic iron, transferring the 
electrochemically reduced iron substrate 
to the modification solution under poten- 
tial control. Vacuum melted Fe electrodes 
were polished and cleaned by dipping in 
a mixture of nitric and sulfuric acid, then 
etched slightly in dilute hydrochloric acid, 
and rinsed thoroughly with water. Metallic 
Fe surface was obtained by holding the 
electrode potential at —0.72 V versus stan- 
dard hydrogen electrode (SHE) in aqueous 
1 M HCIO4. The substrate is then slowly 
pulled under potential control through a 
layer of the thiol floating on the aqueous 
phase, allowing the thiol to form an SAM 
on an oxide-free Fe [151, 152]. This proce- 
dure does not ensure complete prevention 
of iron surface reoxidation during transfer 
through the thiol solution [153], resulting 
in a mixed thiol-oxide surface. The ox- 
ide defects may be healed by cycling the 
SAM -covered iron electrode several times 
in aqueous C>2-free solution, upon remov- 
ing the oxide and rearranging the excess 
thiol on the surface. 


1. 9. 3. 5 Aluminum 

Aluminum was evaporated onto glass 
slides, using an MPS adhesion layer [66]. 
The aluminum samples were plasma- 
etched prior to self-assembly of mercap- 
toacetic acid, to form monolayer bound to 
the Al surface through the acid groups. The 
free thiol groups were then used to bind 
semiconductor nanocrystals to the surface. 

1.9. 3. 6 Platinum 

Polycrystalline Pt disks or foils as well as 
single-crystalline samples have been used. 
Minor differences in thiol monolayer cov- 
erage are found when comparing single 
crystalline and polycrystalline Pt surfaces. 
Electrochemical cycling affects the cover- 
age on the polycrystalline surface less than 
it does on the crystalline surface [154]. 

A polycrystalline Pt surface was polished 
with successive grades of alumina (down 
to 0.05 pm size), and then rinsed with 
ethanol and dipped in the thiol solution 
[155]. A Pt (111) surface was prepared by 
annealing a single crystal in a hydrogen 
flame for 10 min, slow cooling under Ar 
and submersion in deaerated water. The 
sample was then dipped in fuming sulfu- 
ric acid for 10 min, removed, and rinsed 
with deionized water, dried under Ar and 
immersed in the thiol solution [74]. The 
kind of sample used depends on the tech- 
nique of choice. While a single crystal 
was used for sum frequency generation 
(SFG) measurements, Pt films on quartz 
were used for Fourier transform infrared 
(FTIR) spectroscopy. The latter were pre- 
pared by chemical vapor deposition (using 
platinum (II) acetylacetonate) onto quartz 
slides. FTIR showed that rinsing with 
ethanol left a hydrocarbon film on the Pt 
surface, while rinsing with chloroform did 
not. As previously reported for copper sub- 
strates [144], thiol monolayers prepared in 
ethanol solutions produced poor spectral 



features, suggesting chemical interaction 
between alcohols and Pt [74]. 

Pt microelectrodes [156] were fabricated 
from 5- and 25-pm Pt wires by sealing 
into soft glass followed by polishing 
with emery paper and successive grades 
alumina slurry, followed by sonication in 
deionized water. The polished electrodes 
were electrochemically cleaned by cycling 
in 0.5 M H2SO4. The potential was 
then held in the double-layer region at 
a sufficiently negative value to ensure 
complete reduction of any surface oxide. 
The electrode was then cycled between 
-0.30 and 0.70 V (vs Ag/AgCl) in 0.1 M 
LiCl04 until hydrogen desorption was 
complete. The surface roughness factor 
was between 1.5 and 2.0. The electrodes 
were used for the study of SAMs of Ru/Os 
dinuclear complexes on the Pt surface. 

Ultrathin (10 nm) Pt films were obtained 
by argon sputtering on glass substrates. 
They were used for demonstrating redox 
switching [157] and photoswitching [158] 
of SAMs adsorbed on the Pt surface, 
using transmission UV-vis spectroscopy 
to monitor the switching. The ultrathin 
Pt substrates are particularly suitable for 
transmission spectroscopy of SAMs due to 
the transparency of Pt films in the visible 
region. 

1.9.3. 7 Nickel 

As nickel is of substantial technological 
importance, studies of thiol monolayers 
on nickel are largely application oriented. 
One of the objectives is to develop pro- 
tective treatments for Ni-based contact 
materials for separable connectors in elec- 
tronic systems, and to find coatings that 
inhibit Ni corrosion without increasing 
contact resistance. Law et al. [159] studied 
protective treatments for Ni-based con- 
tact materials by cyclic voltammetry and 
contact resistance measurements, using 
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brass coins coated with Ni deposits of 
ca. 2.54 pm thickness. Bright deposits 
were prepared in standard Ni sulfamate 
baths, while gray Ni alloys of low phos- 
phor content were obtained in ammoniacal 
baths. The substrates were dipped into 
adsorption solutions immediately after 
plating. 

Mekhalif et al. [160-162] studied the for- 
mation and structure of alkanethiol SAMs 
on nickel, comparing cleaned/polished 
substrates with others that underwent ad- 
ditional electrochemical pretreatment to 
remove surface oxide. Polycrystalline Ni 
disks were mechanically polished with di- 
amond paste and rinsed with acetone and 
ethanol. The additional electrochemical 
pretreatment consisted of 20 min reduc- 
tion in 1 M HCIO4 at 0.7 V versus SCE. 
Exposure time to the atmosphere prior 
to self-assembly was less than 3 s. Sam- 
ples that were not electrochemically treated 
produced poor quality SAMs, with con- 
siderable part of the thiolates oxidized 
to sulfonates and sulfinates [160, 162]. 

The poor organization of the monolay- 
ers on such surfaces was reflected in their 
frictional, electrical, and wear properties 
[161]. Electrochemical pretreatment, on 
the other hand, led to monolayers with 
significantly enhanced properties, that is, 
improved molecular order, chemical sta- 
bility, and resistance to electrochemical 
oxidation. 

T9. 3. 8 Titanium 

Titanium offers a combination of low 
density, high mechanical stability, and a 
passivating oxide layer, making it tech- 
nologically important for sophisticated 
materials and medical implants. In the 
latter case, the corroding action of the bi- 
ological environment and rejection by the 
living tissues necessitate the modification 
of Ti surfaces with organic layers, such as 
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polymer films. Coating of titanium with 
conducting polymers, serving to prevent 
corrosion or for paint adhesion is also 
found. A possible approach to enhancing 
polymer adhesion to an oxidizable sub- 
strate such as Ti is coating of the surface 
with thiol SAMs. Mekhalif et al. [163] used 
thiol SAMs on Ti as primers for electro- 
chemical polymerization. The substrates 
were polycrystalline Ti disks, mechanically 
polished with abrasive paper, rinsed, and 
sonicated with acetone and acetonitrile fol- 
lowed by transfer to the thiol solution. 

1.9. 3. 9 Stainless Steel 

SAMs on stainless steel are usually 
application oriented, due to the importance 
of thin films on stainless steel for corrosion 
protection and biocompatibility of medical 
implants. Two basic approaches have been 
presented, that is, SAM adsorption on 
reduced, oxide-free stainless steel and 
adsorption on the stainless steel native 
oxide. 

Sukenik and coworkers [164] prepared 
alkylthiol and alkylamine SAMs on oxide- 
free stainless steel. The substrate was 
a stainless steel rod of 1 cm diameter, 
polished, rinsed, and sonicated. Electro- 
chemically reduced (oxide-free) surfaces 
were obtained by application of — 1.2 V (vs 
SCE) in deaerated HCIO 4 solution. SAMs 
were assembled onto the reduced surface 
by exposure to 10 mM octadecylmercaptan 
or 50 mM octadecylamine. The procedure 
was optimized and further used to initiate 
formation of multilayers. 

Mekhalif and coworkers [165] adopted 
the other approach, that is, assembly of 
organosilane molecules on oxide-covered 
stainless steel. The substrate was bulk 
stainless steel, polished, cleaned, and son- 
icated. Two organosilanes of similar chain 
length, a trichlorosilane, and a triethoxysi- 
lane, both terminated with hydrophobic 


perfluorinated tails, were assembled onto 
the stainless steel native oxide. The re- 
sults indicate that the trichlorosilyl groups 
is more favorable for grafting of SAMs 
on stainless steel surfaces, forming denser 
monolayers in shorter times. 

Formation of n-alkanoic acid monolay- 
ers on the native oxide of stainless steel 
under electrochemical conditions was de- 
scribed by Mandler and coworkers [166]. 
Stainless steel disks or plates were pol- 
ished, washed, and sonicated. The clean 
electrodes were immersed into a deaerated 
solution containing 0.1-mM carboxylic 
acid in acetonitrile electrolyte solution. A 
potential sweep between —0.8 and 1.2 V (vs 
Ag/AgBr) was applied (10 cycles) to form a 
monolayer under oxidative conditions. The 
results show that long-chain acids form 
close-packed, highly ordered SAMs, while 
short chains result in disordered arrays. 

A special case of SAM formation on 
oxidized stainless steel was reported by 
Sukenik and coworkers [167]. The stain- 
less steel surface was polished, washed, 
and sonicated, followed by exposure to air 
plasma for 1 h. A thin layer (ca. 3 nm) of 
SiC >2 was formed on the oxidized stainless 
steel by treatment with tetraalkylorthosil- 
icate. This layer served as an anchor for 
subsequent attachment of alkyltrialkoxysi- 
lane films. 

1.9.3.10 Mercury 

Mercury offers an ideal, atomically flat 
liquid metal surface with no preparation 
needed and with high affinity for thiol 
adsorption. SAMs on mercury surfaces are 
notable for the absence of defects, compact 
structure, and high reproducibility. One 
possibility is to use a homemade hanging 
mercury drop electrode (HMDE), which 
can be immersed in a thiol solution or 
passed through a layer of thiols floating on 
the electrolyte [168-171]. A static mercury 



drop electrode (SMDE) [172] was also 
used, prepared by delivering ca. 3 mg of 
mercury onto the tip of a Pt wire held 
at a reducing potential in sulfuric acid 
to avoid oxide formation. The Pt wire is 
sealed in soft glass, mechanically polished, 
sonicated, and electrochemically cleaned 
prior to application of the Hg drop. The 
SMDE may be immersed in a solution or 
the neat thiol. Drops of Hg covered with 
SAMs were stacked to form capacitors in 
series [173]. 

STM measurements were carried out 
with a Hg sessile drop before and after 
thiol adsorption, which involve a complex 
drop flow system allowing control of 
the drop size and flattening of the drop 
surface [174]. Compression of the Hg drop 
to a flat shape allowed STM images to be 
obtained. 
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2 . 1.1 

Overview 

This chapter concerns the synthesis, char- 
acterization, and applications of inorganic 
and composite films. The summary cov- 
ers literature articles from 1995 until 
2004. Several chapters cover developments 
before the mid-1990s [1, 2], Specific ap- 
plications in the present chapter include 
sensors, electrocatalysts, fuel cells, batter- 
ies, and others. 

2 . 1.2 

Inorganic and Composite Films 
2. 1.2.1 Synthesis 

Gomez-Romero et al. [3, 4] have looked 
at electrochemical activity of hybrid 


inorganic electrodes of polypyrrole and 
phosphomolybdate anions. Films were 
prepared by multiple cyclic voltamme- 
try experiments onto Pt electrodes. Such 
heterometallate systems are interesting 
because three reversible redox processes 
due to these anions were observed. These 
systems can be used for cation insertion re- 
actions. Aurian-Blajeni et al. [5] have made 
similar composite electrodes of polyaniline 
and iridium oxide and studied electro- 
chemical responses of such systems. 

Guliants et al. [6] have published a re- 
view on synthesis, structure, and applica- 
tions of ordered meso- and macroporous 
films and membranes. Solvent evaporation 
and in situ growth were used to synthesize 
these films. Functionalization of the in- 
ner pores was important for optimization 
of film properties and applications (vide 
infra). Such functionalization is often car- 
ried out by silanizing internal pore sites 
such as OH groups. The control of organic 
chains is important in such systems such 
as in use of alkoxides by Innocenzi et al. [7] 

Zhitomirsky et al. [8] have shown that 
electrodeposition can also be used to pre- 
pare films of hybrid composites. Cathodic 
electrodeposition of iron oxide nanoparti- 
cles were deposited with a polyelectrolyte 
matrix. Inorganic proteins and fibroblasts 
have been deposited on single crystal 
Si and Si 3 N 4 , and doped Si substrates 
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2 Layer-by-layer Assemblies of Thin Films on Electrodes 


by Giannoulis et al. [9] Protein adsorption 
was done from a solution for a period of 
4 days. Differential adsorption of proteins 
was found in these studies. A review of 
uranyl compounds as thin films by Be- 
navente et al. [10] primarily concerns self 
supported films. Electrochemical behavior 
is very different depending on the structure 
of the uranyl compound. Transport param- 
eters such as cationic and anionic perme- 
abilities were of interest in this study. 

Considerable interest in preparation of 
oriented films such as in the review by 
Brinker is apparent [11]. Much of the 
work involves gas phase preparation from 
methods like chemical vapor deposition 
(CVD). However, solution phase sol- gel 
methods were also recently used in 
many studies. Heterogeneous nucleation 
and growth on preorganized modified 
substrates takes away the need to use single 
crystals. Hydrothermal alteration routes 
were also summarized [11]. 

Sol- gel films can be used to immobilize 
biomolecules. For example, Dong et al. 
developed thin sol -gel films on electrodes 
in which enzymes horseradish peroxidase 
(HRP) and glucose oxidase (GOD) were 
used to determine enzyme substrates [12]. 
A vapor-deposition sol-gel process [13] 
featuring a thin film of aqueous HRP 
solution into which titanium isopropoxide 
vapor was diffused to form a Ti 02 
sol-gel film incorporating HRP prevented 
denaturation of the enzyme. Surfactants 
were used in preparation of sol-gel films 
incorporating redox proteins on electrodes 
to improve porosity and electrochemical 
and catalytic performance [14]. 

Besides biomolecule-nanoparticle films 
that will be discussed below, it is possible 
to produce transition metal oxide films by 
solvent extraction of supersaturated mi- 
croemulsions on metal substrates as done 
by Walsh etal. [15] In situ mineralization 


of oxide films of iron (III), manganese 
(III/IV), and cobalt (II) were made with 
this method. Brass and copper substrates 
were used and the drops of emulsion 
were placed on these substrates with ox- 
ide films being formed after dip coating 
in hot hexane. There was constrained 
growth of inorganic oxide networks in 
such microemulsion films. The walls of 
such materials are mineralized and are 
made of nanoparticulates. 

2. 1.2. 2 Characterization 

A variety of characterization methods can 
be used to study inorganic films. Some 
of these methods are summarized in 
Table 1. Hybrid organic-inorganic films 
of alkoxysilanes of Innocenzi et al. [7] 
have been studied with Fourier transform 
infrared (FTIR) spectroscopy as well as 
multinuclear solid state nuclear magnetic 
resonance (NMR) techniques. Thermal 
treatment and condensation reactions 
have been monitored with FTIR and NMR 
methods. Siloxanes and Ti02 composite 
materials have been made via sol -gel 
techniques for photonic applications by 
Que et al. [16] A variety of methods were 
used to characterize these systems such as 
FTIR, thermogravimetric analyses (TGA), 
Raman spectroscopy, and UV visible 
spectroscopy. A nanoindenter was used to 
study hardness and Young’s modulus of 
these films. The C and Ti content was 
correlated with high hardness of these 
films. 

Fangmuir- Blodgett film transfer was 
used to prepare composites of CdS 
nanoparticles on Au substrates by 
Samokhvalov et al. [20]. Charge transfer 
was observed using laser photochemi- 
cal techniques. X-ray photoelectron spec- 
troscopy (XP S ) methods were used to study 
oxidation states. Photochemical studies 
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Tab. 1 Summary of techniques used for characterizing films 


Method 

Information obtained 

References 

Fourier transform infrared (FTIR) 

Functional groups 

[3, 7, 16, 17] 

Cyclic voltammetry 

Redox properties, adsorption 

[3-5, 8, 17-19] 

Impedance spectroscopy 

Electrical properties 

[5, 10, 17] 

Solid state NMR 

Info on hybrid network formation 

[7] 

Thermogravimetric analysis (TGA) 

Thermal stability 

[16] 

Raman spectroscopy 

Functional groups 

[16, 18, 19] 

UV visible spectroscopy 

Absorbance 

[16] 

X-ray photoelectron spectroscopy (XPS) 

Oxidation states, charge transfer 

[20] 

Magnetic susceptibility 

Magnetic properties, domains 

[8] 

Ellipsometry 

Film thicknesses 

[9] 

Contact angle 

Wettability, film thickness, adsorption 
properties 

[9] 

Capacity 

Capacitance 

[1 8, 1 9] 

Scanning Auger microscopy 

Surface imaging 

[19] 

Scanning tunneling and atomic force 
microscopy 

Surface structures and morphologies 

[21] 


show that the films can either have a pos- 
itive or negative charge depending on the 
intensity of the laser that excites the quan- 
tum confined CdS nanoparticles. 

Zhitomirsky et al. [8] have shown that 
electrodeposited hybrid composites of iron 
oxides can be studied with magnetic and 
thermal (TGA) methods. The nanocom- 
posites produced here are superparamag- 
netic. Such properties are dependent on 
the nanosizes of these systems. 

Ellipsometry was used by Giannoulis 
et al. [9] to study film thicknesses of ther- 
apeutic silicon-based microdevices under 
development. In situ characterization of 
the growth of electroactive films of oxides 
and hydroxides of transition metals has 
been done with scanning tunneling mi- 
croscopy (STM), atomic force microscopy 
(AFM), and intermittent contact atomic 
force microscopy (ICAFM). Shrinkage and 
enhanced thicknesses of films can be 
measured with these methods. Films of 
iridium oxide, nickel oxides, and polyani- 
line were studied here. 


2.1 .2.3 Applications of Inorganic Films 

The review by Guliants et al. [6] shows that 
ordered meso- and macroporous films and 
membranes can be used for separations, 
sensors, heterogeneous catalysis, micro- 
electronics, and photonics. Nanoparticles 
and their subsequent quantum confine- 
ment effects result from chemical func- 
tionalization of internal pores of these 
materials. 

A current interest is the production of 
supercapacitors. Carbon electrodes have 
been modified by Leitner et al. [17] with 
naphthol derivatives, which utilize the elec- 
trical double layer of carbon and the redox 
capability of the naphthol. Similar strate- 
gies can be used with inorganic redox 
systems like indium tin oxide such as in 
the work of Miura et al. [22] The stability 
of charge in time is important in these 
systems. Electrochemical impedance mea- 
surements are needed to study the full 
capacity of these electrodes. Comparisons 
of increases in supercapacity are made to 
pristine carbon. 
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A unique recent application concerns 
the electrochemical switching of alkaline 
earth cation exchange as summarized by 
work of Reyes-Gomez et al. [23]. Compos- 
ite electrodes of metal hexacyanoferrate 
are embedded in silica surfaces using 
sol-gel methods. Composite electrodes 
are 2 orders of magnitude higher activity 
as compared to bulk metal hexacyanofer- 
rate electrodes. This switching of cation 
exchange is novel and may allow a variety 
of uses such as environmental cleanup, 
cleanup of mixtures of metals such as in 
sludges from electroplating plants, and in 


other areas such as radioactive waste sepa- 
rations. 

Another continuing area of consid- 
erable interest involves preparation of 
secondary nonaqueous rechargeable bat- 
teries. Commercial lithium battery anodes 
are made of graphite. Graphite has a the- 
oretical capacity of about 372 mAhg _1 . 
Silicon has a higher theoretical capac- 
ity of 4200 mAh g -1 . However there is 
poor reversibility of silicon powder due 
to volume changes during cycling. An ap- 
proach that we have used is to coat silicon 
powder with carbon [16]. 


1 000-mAh capacity cut-off, voltage 0.3-1 .3 V 



C(mAh g b Voltage 


Fig. 1 Cycling studies of carbon-coated silicon anodes. 



Fig. 2 CVD reactor. 








Figure 1 shows the cycling of these 
carbon-coated anodes over 30 cycles. The 
capacity remains stable over these experi- 
ments. 

The idea behind such experiments is 
to have lithium incorporate into silicon 
during cycling or charging and then dein- 
tercalate during discharge. The amount 
of lithium that can be incorporated into 
carbon is considerably greater than that 
which can be incorporated into carbon. 

To obtain such results, chemical va- 
por-deposition methods were used in the 
setup shown in Fig. 2. 

In these experiments, Si powder was 
ground in an agate mortar and heated 
for 3 h in air (or H 2 , or H 2 and NFIj). 
About 0.5 g sample of silicon was placed 
in a cold reactor for 1 h in flowing Ar gas. 
Temperature was then increased to 950 °C. 
Argon gas was then passed through a 
bubbler, which was filled with liquid 
toluene. After 30 min, the carrier flow was 
stopped and the reactor was allowed to 
cool down to room temperature. Besides 
cell cycling, thermogravimetric analyses, 
cyclic voltammetry, and Raman were used. 

Similar studies have been done with 
SnC >2 mixed with high surface area carbon. 
The morphology of the carbon in such 
systems is important and is shown in 
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Fig. 3. Figure 4 shows cycling studies of 
commercial tin oxide and the carbon 
(MCMB) tin oxide mixtures. The cycling 
data clearly show an advantage of the 
composite system. 

The tin oxide was deposited using 
electroless plating methods by using 
SnCl2.2H20, NaOH, and sodium or 
potassium citrate. Some of the parameters 
important in the synthesis include the na- 
ture of the tin oxide species, the particle 
size, the concentration of the reagents, the 
ratio of reagents used in the synthesis, the 
temperature, the mixing time, the aging 
time, and work-up procedures. 

Both of the above systems show the en- 
hanced cycling and enhanced capacity of 
composite anode materials. There are a 
variety of metals that might be used to 
intercalate lithium or incorporate lithium. 
Several studies are currently underway in 
these areas in our labs and in others. Some 
objectives include 35-Ah cells for aerospace 
applications, development of batteries for 
electric vehicles, and batteries for hybrid 
electric vehicles. Improved lithium ion 
technology, as regards improved perfor- 
mance, decreased cost, and more viable 
technology is mandatory for synthesis and 
use of such materials in novel secondary 
battery applications. 
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Time Time 

(a) [second] (b) [second] 


Typical Conditions : 0.2 mA crrr 2 ; 

Cutoff Capacity 300 mAh g _1 ; 
0.05 V limit on Discharge; 

1 .3 V limit on Charge. 


Fig. 4 Studies of commercial tin oxide and the carbon (MCMB) tin oxide mixtures, (a) Battery 
cycling of commercial tin oxide, (b) Cycling for MCMB/Sn oxide composites. 


2.1.3 

Electroactive Nanoparticle Films 

Inorganic nanoparticles, with their unique 
structural stability, high surface area, 
low toxicity, good biocompatibility, and 
ease of preparation can also be used 
in electroactive films. Films of polyions 
and octahedral layered manganese oxide 
nanoparticles on carbon electrodes made 
by layer-by-layer alternate electrostatic ad- 
sorption were recently shown to be active 
for electrochemical catalysis of styrene 
epoxidation in solution in the presence of 
hydrogen peroxide and oxygen [24]. The 
pathway for styrene epoxidation at the 
highest yields required oxygen, hydrogen 
peroxide, and a reducing voltage, and may 
involve an activated oxygen species in the 
manganese oxide nanoparticles. ls O iso- 
tope labeling studies suggested oxygen 
incorporation into the product from molec- 
ular oxygen, hydrogen peroxide and/or 
lattice oxygen from the catalytic nanopar- 
ticles. 


Nanoparticle films provide a stable mi- 
croenvironment for redox proteins and 
facilitate the direct electron transfer be- 
tween those proteins and underlying elec- 
trodes. The simplest way to prepare such 
films is by composite deposition. Either 
a protein-nanoparticle or nanoparticle 
dispersion is deposited on electrodes. In 
the latter case, the protein is absorbed 
from solution. Clay [25-28], Ti0 2 [29-31], 
Sn0 2 [32], Zr0 2 [33], and Fe 3 0 4 [34] were 
utilized to construct protein-nanoparticle 
films in this way, and direct electrochem- 
istry of the proteins in these films was 
realized. 

An example is protein-clay films cast 
on pyrolytic graphite (PG) electrodes [25]. 
Exfoliated clay particles have a platelet 
shape with nanoscale thickness, about 
50-100 nm in these studies [35]. Protein- 
clay films were fabricated by casting an 
aqueous dispersion of protein and clay on 
PG electrodes and letting the water evap- 
orate. Myoglobin (Mb), hemoglobin (Hb), 
and HRP in clay films gave well-defined, 





Fig. 5 Cyclic voltammograms 
at 0.2 V s -1 in pH 5.5 buffers 
for (a) clay film in buffers 
containing no TCA, (b) clay film 
in buffers containing 50 mM 
TCA, (c) Hb-clayfilm in buffers 
containing no TCA, (d) Hb-clay 
film in buffers containing 
50 mM TCA (Adapted with 
permission from [25], Copyright 
2002 American Chemical 
Society). 

quasi-reversible cyclic voltammetric peaks 
in buffer, characteristic of the protein 
heme Fe(III)/Fe(II) redox couples (e.g. 
Fig. 5c for Hb-clay films). X-ray diffraction 
showed that Mb-clay and Hb-clay films 
gave low-angle Bragg peaks suggesting 
ordered layered structures with Mb and 
Hb intercalated between clay layers. X- 
ray diffraction showed that HRP induced 
disorder in the clay films. Various sub- 
strates such as oxygen, trichloroacetic acid 
(TCA), nitrite, and hydrogen peroxide, 
were catalytically reduced at protein-clay 
film electrodes. For example, when TCA 
was added to the buffer, the HbFe(III) 
reduction peak of Hb-clay films at about 
—0.35 V increased in height (Fig. 5d), ac- 
companied by a decrease of HbFe(II) 
oxidation peak. These results are consis- 
tent with the reduction of TCA by HbFe(II) 
in a catalytic cycle resulting in the reductive 
dechlorination of the acid [36]. Compared 
to direct reduction of TCA on clay films 
without protein (Fig. 5b), Hb-clay films 
lowered the overpotential for reduction of 
TCA by about 0.7 V. Proteins in these films 
were made to act like enzymes in these 
reactions. 

Development of a layer-by-layer assem- 
bly method in the 1990s opened up 
new approaches to fabricate ultrathin 
films [37-39]. This method has been doc- 
umented for other materials elsewhere 
in this volume, but also applies to 
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biomolecules. Layer-by-layer assembly can 
be based on electrostatic interaction be- 
tween oppositely charged polyions from 
their solutions in alternating adsorption 
steps. One advantage of the layer-by-layer 
approach is that film composition and 
thickness can be precisely controlled by 
varying the type of charged species and 
the number of adsorption cycles. Vari- 
ous {nanoparticle/protein},, layer-by-layer 
films, such as {clay/protein},, [35, 40], 
{Si02/protein}„ [41-43], and {Mn02/ 
protein},, [43] films, were assembled on 
electrodes, and direct electrochemistry of 
the proteins in these films was observed. 

Taking {Si02/Hb}„ films as an exam- 
ple [41], the isoelectric point (pi) of Si02 
nanoparticles is about 2 or 3, so they 
are negatively charged at pH 9.0, while 
Hb with pi 7.4 is positively charged at 
pH 5.0. Multilayer {Si02/Hb}„ films were 
thus assembled on solid surfaces mainly 
by electrostatic attraction between SiC >2 
and Hb. A quartz crystal microbalance 
(QCM) was used to monitor the assembly 
of these {SiC> 2 /Hb}„ films. QCM results 
for dry films showed a roughly linear de- 
crease of frequency with the adsorption 
step number (Fig. 6), indicating increasing 
film mass and regular and reproducible 
growth of SiC> 2 /Hb bilayers. Each SiC >2 
layer caused a nearly constant frequency 
decrease of 490 Hz, corresponding to a 
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Fig. 6 Shift of QCM frequency 
with alternate adsorption steps 
of Si0 2 (pH 9.0) and Hb 
(pH 5.0) on Au/MPS/PEI 
electrodes: (•) Si0 2 adsorption 
steps; (A) Hb adsorption steps 
(Adapted with permission 
from [41]. Copyright 2004 
American Chemical Society). 



Fig. 7 Cyclic voltammograms 
for layer-by-layer {Si0 2 /Hb}„ 
films on PC/PEI electrodes at 
scan rate of 0.2 V s^ 1 in pH 5.5 
buffer solutions with different 
numbers of bilayers. (Adapted 
with permission from [41], 
Copyright 2004 American 
Chemical Society). 


E 
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thickness of 7.6 nm, while each Hb adsorp- 
tion layer resulted in a roughly constant 
frequency shift of 736 Hz, indicating a 
thickness of 19 nm. Cyclic voltammetry 
was also used to monitor the growth of 
the {Si 02 /Hb}„ films by scanning the film 
after each assembly cycle (Fig. 7). A pair of 
chemically reversible reduction-oxidation 
peaks at about —0.26 V vs. SCE was found 
for the Hb heme Fe(III) /Fe(II) redox cou- 
ple with peaks that increased with the 
number of Si 02 /Hb bilayer (n) up to 6. 
Hb in the 7th bilayer showed no further 
increase in CV-peak height. 

Comparisons between amount of pro- 
tein deposited by QCM and amount of 
electroactive protein by CV can be used to 
assess the fraction of electroactive protein 
in these films as a function of bilayer num- 
ber («). The total amount of Hb in each 
bilayer was about the same and Hb in the 
first bilayer closest to the electrode surface 
was about 100% electroactive. The fraction 


of electroactive Hb in the succeeding bilay- 
ers decreased significantly with n [41]. In 
bilayers at n > 6, very little Hb was electro- 
chemically addressable. Thus, the distance 
between Hb and electrode is important for 
efficient electron exchange, which proba- 
bly occurs by an electron hopping mecha- 
nism in these films. The UV-vis and RAIR 
spectra of {SiC> 2 /protein},, films indicated 
that Mb and Hb in layer-by-layer films with 
SiC >2 nanoparticles essentially retain the 
secondary structure similar to that of their 
native state at medium pH. On the other 
hand, even when the proteins and silica 
were both negatively charged, stable layer- 
by-layer {Si 02 /protein},, films were suc- 
cessfully fabricated, although amounts of 
protein were smaller than when nanopar- 
ticles and proteins had opposite charges. 
Results suggest the importance of local- 
ized Coulombic attraction between the 
negative nanoparticle surface and posi- 
tively charged amino acid residues on the 




protein surfaces for the assembly and sta- 
bility of {nanoparticle/protein},, films [41]. 

Core-shell protein nanocluster films 
of proteins and nanoparticles have 
also been developed [44]. The film 
construction included two main steps. 
In the first step, positively charged 
heme protein Hb or Mb and 
negatively charged poly(styrenesulfonate) 
(PSS) were alternately adsorbed on 
the surface of SiC >2 nanoparticles, 
forming core-shell Si02-(protein/PSS) ; „ 
nanoclusters. In the second step, 
the Si02-(protein/PSS) m nanoclusters 
and polycationic poly(ethylenimine) (PEI) 
were assembled layer by layer on 
various solid substrates, forming 
{[Si02-(protein/PSS),„]/PEI}„ films. Zeta 
potential or electrophoretic mobility was 
used to monitor the assembly of 
Si02-(Hb/PSS),„ core-shell nanoclusters 
(Figure 8). The negatively charged SiC >2 
nanoparticles showed a zeta potential at 
about —10 mV in pH 5.0 buffer. When 
positively charged Hb was adsorbed on 
SiC> 2 , the zeta potential increased to about 
—5 mV. In the next step, the adsorption 
of polyanionic PSS resulted in a decrease 
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of zeta potential to about —13 mV. The 
zeta potential then switched between —4 
and —13 mV when Hb and PSS were 
alternately adsorbed onto the nanoparticle 
surface as the outermost layer. 

When positively charged Hb was the 
outermost layer, the zeta potentials were 
not positive as expected but always 
negative, which is not fully understood. 
Nevertheless, regular alternating zeta po- 
tentials were observed depending on 
whether Hb or PSS was the outer- 
most layer, providing qualitative evidence 
for the stepwise alternate adsorption of 
Hb and PSS, and suggesting multi- 
layer growth of charged macromolecule 
shells on SiC >2 nanoparticle cores. {[SiC> 2 - 
(protein/PSS),„]/PEI}„ films on PG elec- 
trodes exhibited well-defined, chemically 
reversible cyclic voltammetric reduction- 
oxidation peaks characteristic of the heme 
Fe(III) /Fe(II) redox couples. The proteins 
in the films retained near native confor- 
mations in the medium pH range, and 
the films catalyzed electrochemical reduc- 
tion of oxygen and hydrogen peroxide. 
Advantages of the nanocluster films over 
the simple {Si02/protein}„ layer-by-layer 




Fig. 8 Zeta potential and electrophoretic mobility of 
(Hb/PSS) m multilayers assembled layer by layer on surface of 
Si0 2 nanoparticles with the adsorption step: (+) pure Si0 2 
nanoparticles; (•) the Hb adsorption step; and (o) the PSS 
adsorption step. (Adapted with permission from [44], 
Copyright 2004 American Chemical Society). 
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films include a larger fraction of electroac- 
tive protein and higher specific biocatalytic 
activity. Using this approach, biocatalytic 
activity can be tailored and controlled by 
varying the number of bilayers deposited 
on the nanoparticle cores and the number 
of nanocluster layers on electrodes. 

2.1.4 

Conclusions 

In this chapter, we have summarized 
progress made during the past decade in 
the area of composite inorganic electrode 
materials and films . Articles in recent years 
that concern synthesis of such materials 
involve the use of CVD, sol-gel, precipita- 
tion, coprecipitation, hydrothermal alter- 
ation, high temperature routes, layer-by- 
layer adsorption, electrodeposition, elec- 
troless plating, and thin film deposition by 
a variety of methods. Other methods in- 
cluding photochemical and laser ablation, 
radio frequency sputter deposition, depo- 
sition via resistive heating, metal atom 
vaporization, molecular beam epitaxy are 
also under investigation. In years to come, 
novel approaches involving two or more 
of these techniques and other methods 
such as microwave deposition and plasma 
deposition may become more common. 

In areas of characterization of composite 
films, a multitude of methods have been 
used to understand their fundamental 
physical and chemical properties. Table 1 
and studies on layered films suggest that 
some of the more common methods to 
characterize inorganic composite films are 
FTIR, Raman, surface methods, QCM, 
AFM, cyclic voltammetry, and other elec- 
trochemical methods. As other methods 
become more common, those like X-ray 
absorption and neutron scattering will 
be used to study the nature of the in- 
terfaces between the components of the 


composites. Understanding the nature of 
these interfaces and the surface areas of the 
individual components may become more 
important in order to improve transport 
properties. 

Applications that we have touched upon 
include supercapacitors, battery materials, 
sensors, biosensors, catalysts, fuel cell 
electrodes, electrochemical ion exchange 
switches and others. Composite catalysts 
for fuel cells is an area that is rapidly 
expanding. Use of nanomaterials in all 
these applications is also an ongoing 
pursuit. Potential uses in ceramics and 
optoelectronics are also areas of interest. 
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2.2 

Synthesis of Layered Polyelectrolyte Films 

Merlin Bruening 

Michigan State University, East Lansing, 
Michigan, USA 

James Rusling 

University of Connecticut, Storrs, Connecticut, 
USA 

Although this section focuses on films 
prepared by alternating deposition of poly- 
electrolytes [1], there are a number of ways 
to prepare layered polymer films. Metal- 
ion coordination [2], hydrogen bonding [3], 
charge-transfer interactions [4], covalent 
bonding [5, 6], interaction of biological 
molecules that are attached to polymers [7, 
8], and electrostatic forces [9] were all used 
to prepare layered polymeric films. Of 
these methods, alternating polyelectrolyte 
deposition using electrostatic attachment 
is especially attractive for two primary 
reasons. First, synthesis of layered poly- 
electrolyte films (LPFs) is both convenient 
and environmentally friendly. Deposition 
of these coatings can occur using only 
water as a solvent and is adaptable to au- 
tomation. Second, a wide variety of films 
are possible because the only stipulation 
on what materials can be used is that they 
contain sufficient charge. 

Synthesis of LPFs begins by immers- 
ing a charged substrate into a solution 
containing an oppositely charged poly- 
electrolyte and subsequently rinsing with 
water. This results in an electrostatically 
bound “monolayer” of polyelectrolyte on 
the substrate and a change in the sign of 
the charge on the surface as the polyelec- 
trolyte overcompensates the initial surface 
charge. Immersion in a second solution 
containing an oppositely charged polyelec- 
trolyte results in deposition of another 


layer on the surface as shown in Fig. 1 [9]. 
Repetitive alternating immersions in 
solutions containing polycations and 
polyanions result in a multilayer film. 
Synthesis of films containing hundreds 
of layers is possible, and the very simple 
“dip and rinse” method is easily amenable 
to robotic deposition. 

LPFs are extremely versatile because the 
only restriction on film constituents is 
that they contain sufficient charge. Ma- 
terials used to construct LPFs include 
poly(sulfonates) [10, ll],poly(carboxylates) 
[12, 13], poly(ammoniums) [10, 11], redox- 
active polymers [14], proteins [15, 16], 
viruses [17], conducting polymers [18], and 
inorganic sheets [19, 20]. This range of ma- 
terials provides a highly versatile platform 
to synthesize films for possible applica- 
tions including sensing [21-23], drug de- 
livery [24], and light-emitting diodes [25]. 

In addition to changing the constituents 
of polyelectrolyte films, one can control 
the structure of these films by varying 
deposition conditions such as the 
concentration of supporting electrolyte 
and pH. The thickness of LPFs can 
increase dramatically with increasing ionic 
strength of the deposition solution [26]. 
One possible reason for such increases 
in thickness is that supporting electrolyte 
screens the charges on the polymer 
allowing it to form loops and tails. 
(When no salt is present in solution, 
the charged groups on the polymer chain 
repel one another resulting in an extended 
conformation of the polymer chains that 
maximizes separation of charged groups.) 
Schlenoff suggests that the primary effect 
of the salt is to increase overcompensation 
of surface charge [27]. In this model, the 
depositing layer will penetrate through 
several underlying layers resulting in large 
increases in thickness. In any case, the 
presence of salt in deposition solutions can 
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Fig. 1 Schematic diagram of the synthesis of one layer pair of a layered polyelectrolyte film. 
Repetition of steps 1 and 2 produces multilayer films. 


1- COO 


ooc 


- COO- ( 

irO 3 ^ 

+h 3 n" 

/fen ooc 

- COO- 

ASif HN3+ 

+h 3 n- 

Jsk ooc 

- COO- 

HNs 

+h 3 nH 

- COO- ( 

nu 00(> 



coo 


coo 


coo 


coo 



COO- 


COO- 


COO- 


COO- 


Fig. 2 Schematic diagram showing cross-linking of a PAA/PAH film through 
heat-induced amidation. 


increase thickness by up to fivefold in the 
case of poly (styrene sulfonate) /protonated 
poly(allylamine) (PSS/PAH) multilayer 
films [26]. As discussed in the following, 
this type of change in structure 
dramatically alters the permeability 
of polyelectrolyte films on electrodes. 
When weak acids or bases are 
used as polyelectrolytes, the pH of 
deposition solutions also affects the 
thickness of polyelectrolyte films [12]. 
This phenomenon is similar to that 
resulting from screening by supporting 
electrolyte. As the amount of charge on 
a polyelectrolyte molecule decreases, the 
chains can form loops and tails resulting 
in a film with thicker layers. Rubner 


and coworkers showed that changes in 
pH can alter the thickness of poly(acrylic 
acid) /poly(allylamine hydrochloride) films 
up to 20-fold [12]. The use of weak 
polyelectrolytes also permits the variation 
of structure after film deposition. Changes 
in ambient pH alter the charge in the 
film and in some cases yield a remarkable 
porous structure [28]. However, extremes 
in pH can result in delamination of weak 
polyelectrolyte films [28, 29], 
Postdeposition cross-linking provides 
yet another means of modifying the prop- 
erties of some polyelectrolyte films [30]. 
Cross-linking of PAA/PAH films (shown 
schematically in Fig. 2) increases the 
stability of these films while decreasing 
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their permeability and dielectric con- 
stant [28, 31]. Cross-linking occurs through 
heat-induced amidation that results in 
nylon-like films. FTIR and XPS spec- 
tra show that >80% of the carboxylate- 
ammonium salts are converted into 
amides resulting in a stable, highly resis- 
tive film. In other cases, specific cross- 
linking groups can be introduced into 
polyelectrolytes to provide photo-induced 
cross-linking [32]. This method is gen- 
tler, but likely results in a lower cross- 
link density. 

2 . 2.1 

Film Structure 

Although synthesis of LPFs occurs in 
a layer-by-layer fashion, these films do 
not contain distinct layers or polyca- 
tion-polyanion layer pairs. Using elec- 
troactive polyelectrolytes (see the follow- 
ing), Schlenoff demonstrated that four 
intervening layer pairs are necessary to 
prevent electron hopping between redox- 
active polyelectrolytes [14]. From studies 
of neutron diffraction of partially deuter- 
ated PAH/PSS films, Decher suggests that 
PAH and PSS components are highly in- 
terpenetrating and that a single deposition 
of deuterated PSS stretches over two layer 
pairs [9]. 

A second issue of relevance to modify- 
ing electrodes with LPFs is how electrical 
neutrality is maintained in the film. Is 
there any salt inside these films that 
compensates charges on the polymers, or 
are polycations and polyanions intrinsi- 
cally compensating? X-ray photoelectron 
spectroscopy studies of LPFs show no evi- 
dence for counterions such as Cl - or Na + 
in the film [9]. Radioactive labeling also 
showed no significant amount of Ca 2+ or 
CH^COO - ions in films of strongly acidic 
and basic polyelectrolytes [33]. However, a 


few studies suggest that under conditions 
of high salt or when using weakly acidic 
or weakly basic polyelectrolytes, compen- 
sation by counterions might occur [34, 

35] , Additionally, by changing the pH 
of solutions in which LPFs composed of 
weak-acid or weak-base polyelectrolytes are 
immersed, one can create additional ion- 
exchange sites in the film. For example, 
immersing PAA/PAH films in solutions 
at a lower pH than that at which they 
were deposited results in more ammo- 
nium groups and less carboxylate groups. 
The ammonium groups should behave as 
ion-exchange sites. 

2 . 2.2 

Electrodes Modified with Layered 
Polyelectrolytes 

Modification of electrodes with LPFs oc- 
curs by the process shown in Fig. 1. The 
only stipulation on the electrode is that 
it contains a permanent charge on its sur- 
face, for example, gold electrodes modified 
with an ionizable self-assembled mono- 
layer. As would be expected, the presence 
of a layered polyelectrolyte on an elec- 
trode surface often decreases Faradaic 
currents when the polyelectrolyte is not 
electroactive. In the case of PAH/PSS 
films prepared in the presence of 0.5 M 
supporting electrolyte, cyclic voltammo- 
grams of Fe(CN)6 3- at gold electrodes 
show minimal current after the deposition 
of 3 bilayers (Fig. 3) [29]. Similar trends oc- 
cur with positively charged redox couples 
such as Ru(NH 3 ) 6 3+ and Os(bpy) 3 3+ [29, 

36] . However, not all LPFs effectively 
block electrodes. Gold electrodes covered 
with PAA/PAH films as thick as 44 nm 
still show quasi-reversible cyclic voltam- 
mograms [29]. The high permeability of 
PAA/PAH films may be due to their small, 
hydrophilic side chains. 
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Fig. 3 Cyclic voltammograms of Fe(CN)6 3 ~ (0.005 M 
Fe(CN)6 3 ~ in 1 M Na 2 SC> 4 ) at gold electrodes coated with 1, 
2 and 3 layer pairs of PAH/PSS. Scan rate of 100 mV s^ 1 . 


The structure of LPFs also has a large 
effect on the permeability of these films. 
In the case of PAH/PSS systems, films 
prepared with no supporting electrolyte 
are much more permeable than films 
prepared in 0.5 M salts. Impedance plots 
show that preparation of PAH/PSS films 
in the presence of a supporting elec- 
trolyte increases charge-transfer resistance 
(Fe(CN6) 3- / 4- couple) by a factor of 
1500 compared to films of similar thick- 
nesses prepared without supporting elec- 
trolyte [29]. Evidently the extra loops and 
tails make the film much more blocking. 

Using cyclic voltammetry of Fe(CN)6 4 ~ 
at a rotating disk electrode, Schlenoff 
provided evidence that decreases in 
Faradaic current due to the presence of 
PS S /poly(diallydimethylammonium chlo- 
ride) occur because of slow movement 
of Fe(CN)6 4 ~ through the film [37]. Peak 
currents are independent of potential sug- 
gesting that diffusion rather than kinetics 
is limiting current. This is in agreement 


with the fact that cyclic voltammograms 
measured at stationary electrodes have a 
plateau shape. 

One possible explanation why LPFs hin- 
der diffusion of highly charged redox 
species to electrode surfaces is that a Don- 
nan potential forms due to the fixed charge 
on the outer layer of the membrane. (In- 
ner layers are assumed to be intrinsically 
compensated.) If this were the case, then 
currents in cyclic voltammograms should 
depend on whether the outer layer of 
the film is a polycation or a polyanion. 
The effect of outer layer charge on cyclic 
voltammograms of blocking films is not 
very significant and suggests that Donnan 
repulsion at the surface is not a major 
factor in passivating electrodes [37]. 

Schlenoff proposes that the mechanism 
of transport of redox species to the elec- 
trode surface is hopping between anion- 
exchange sites and that this hopping is 
slow enough to reduce Faradaic currents. 
One piece of evidence for this is that the 
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concentration of supporting electrolyte in 
Fe(CN)6 4 ~ solutions affects the passiva- 
tion of electrodes by LPFs. Peak currents 
in rotating disk linear scan voltammo- 
grams increased 10-fold upon changing 
the supporting salt concentration from 
1.2 to 2.0 M [37]. Fiigher concentrations 
of salt could create more ion-exchange 
sites because more supporting electrolyte 
enters the film and extrinsically com- 
pensates the fixed charges, thus creating 
more ion-exchange sites. The increase 
in exchange sites would result in more 
hopping of Fe(CN)6 4 ~ through the film. 
Films also swell in solutions of high ionic 
strength [38]. 

Most investigations of the permeability 
of LPFs were done with highly charged 
redox couples such as Fe(CN)6 3 “' /4_ and 
Ru(NFi 3 ) 6 3+,/2+ , but a few studies show 
that singly charged cations and anions 
rapidly move through polyelectrolyte films. 
Iodide electrochemistry is hardly affected 
by the presence of layered polyelec- 
trolytes [37]. Studies of transport through 
layered polyelectrolyte membranes clearly 
show that diffusion of singly charged 
cations and anions is hardly affected by 
LPFs [39, 40], 

Although some PAH/PSS films passi- 
vate electrodes, impedance studies show 
that they are not sufficiently passivat- 
ing to provide substantial protection from 
corrosion [29, 31, 36]. To prepare poly- 
electrolytes with a much higher blocking 
ability, Harris and coworkers employed 
postdeposition cross-linking of PAA/PAH 
films as shown in Fig. 2 [30]. The as- 
deposited PAA/PAH films hardly affect 
Faradaic currents at the electrode, but 
after cross-linking, charge-transfer resis- 
tance increases by 3 to 4 orders of 
magnitude. Dai and coworkers deposited 
PAA/PAH films on aluminum/aluminum 


oxide electrodes and showed that cross- 
linked PAA/PAH films have resistance of 
up to 10 7 £2 cm 2 [31]. In spite of the fact that 
this magnitude of film resistance is prob- 
ably not sufficient for long-term corrosion 
protection, considering the minimal thick- 
ness of these films (100-300 A), the value 
is substantial. 

Control of the permeability of LPFs will 
play a crucial role in their possible appli- 
cation as sensor materials or protective 
coatings. The earlier-mentioned experi- 
ments show that it is possible to prepare 
LPFs with a variety of permeabilities. Con- 
stituent polyelectrolytes, deposition condi- 
tions, and postdeposition treatments can 
all be chosen to tailor a film for spe- 
cific needs. 

2.2.3 

Electroactive Layered Polyelectrolyte Films 

Two methods, adsorption of redox-active 
species and synthesis of redox-active poly- 
mers, were used to prepare electroac- 
tive LPFs. In the following text, each 
of these methods is discussed in turn. 
Lowy and Finklea showed that a vari- 
ety of redox species such as Fe(CN)6 4 ~ 
and Cu(EDTA) 2- will adsorb on the sur- 
face of polyelectrolyte films [41]. The top 
layer of LPFs is not intrinsically com- 
pensated and thus contains many ion- 
exchange sites. Redox species adsorbed 
on the surface of LPFs are electroactive, 
but the thin film-like cyclic voltammo- 
grams of these species showed substantial 
peak splitting (generally 60 mV or more 
at a scan rate of 100 mV s _1 , even when 
the redox species was separated from the 
electrode by just one layer of poly(4-vinyl- 
methylpyridinium)). Adsorption of the re- 
dox couple is likely restricted to the surface 
of the film thus limiting the amount of 
electroactive material that can be included. 



In a similar vein, Anson showed that an ad- 
sorbed film of poly(acrylic acid) containing 
Ru(NH 3 ) 6 3+ or Co(NH 3 ) 6 3+ on glassy car- 
bon behaves as a thin-film electrode [42], 
When using weakly acidic or basic poly- 
electrolytes, one can create anion-exchange 
sites and adsorb redox couples throughout 
LPFs. Cheng and Corn prepared poly(L- 
lysine)/poly(L-glutamic acid) films at pH 
8.0, and then adsorbed Fe(CN)6 3- / 4- into 
these films at a pH of 5.6 [43]. At the lower 
pH, there should be extrinsically compen- 
sated ammonium groups on poly(lysine) 
due to protonation of previously neutral 
amine groups. FTIR spectra showed that 
the amount of Fe(CN)6 3-,/4 ~ adsorbed 
in the films increased monotonically with 
the number of bilayers deposited. The 
Fe(CN)6 3-/,4 ~ remained in the film when 
it was immersed in 1,2-dichloroethylene 
containing 10 mM tetrabutylammonium 
tetraphenylborate, and the cyclic voltam- 
mogram of this system showed typical 
thin-film behavior. When prepared un- 
der appropriately acidic conditions, some 
PAH/P SS films will also adsorb large 
amounts of Fe(CN)6 4- . Han and Lind- 
holm-Sethson report Fe(CN)6 4 ~ concen- 
trations in PAH/PS S films as high as 
0.28 M [36]. When these films are im- 
mersed in aqueous solutions of 0.1 M 
Na 2 SC> 4 , however, the Fe(CN)6 4 ~ is mostly 
desorbed within 30 min. 

A second method for producing 
LPFs that are electrochemically active 
is to synthesize and deposit redox- 
active polymers. Cyclic voltammograms 

Fig. 4 Cyclic voltammetry of 2, 4, 6, 8, 
and 10 bilayer PBV/PSS pairs deposited 
onto a silver electrode. Peak currents 
increase monotonically with the number 
of bilayers. The supporting electrolyte 
was 0.05 M KBr and the scan rate was 
50 mV/second. (Figure adapted 
from [14] with permission. Copyright 
1997 American Chemical Society). 
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of poly(butyl viologen)/PSS films show 
typical thin-film voltammogram behavior 
with peak currents that increase 
proportionally to the number of layers 
deposited as shown in Fig. 4 [14]. Virtually 
all of the viologen groups in the film are 
electroactive. If films are prepared with 
four layer pairs of PAH/PSS separating the 
electroactive layer pairs, electron transfer 
decreases to undetectable levels. The 
presence of only three separating layers 
of PAH/PSS, however, is not sufficient 
to significantly decrease electron transfer. 



-0.2 -0.4 -0.6 -0.8 

(Volts vs Ag/AgCI) 
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Bilayer thicknesses in this case were 
approximately 60 A, and this suggests that 
layer interpenetration occurs through 3 
bilayers as electron transfer over distances 
of 60 A would be extremely slow. 

Other redox-active polyelectrolyte films 
were prepared from ferrocene-derivatized 
polly(allylamine) and poly(vinyl pyridine) 
as well as an osmium complex of poly(vinyl 
pyridine) [44-46]. These films were syn- 
thesized to mediate electron transfer be- 
tween the electrode and a charged enzyme 
that was a constituent of the polyelec- 
trolyte film. In the case of ferrocene- 
derivatized poly(allylamine) or poly(vinyl 
pyridine), cyclic voltammetry of the bound 
ferrocene moiety showed small peak split- 
tings (<50mV at a scan rate of 50 
and 20 mV s _1 , respectively) [45, 46]. The 
amount of electroactive material increased 
with the number of deposited layers, but 
the first layer contained significantly more 
electroactive ferrocene than the later layers 
in the poly(allylamine) system [46]. 

Redox-active polyelectrolyte films are 
capable of serving as mediators for elec- 
tron transfer to enzymes. Coimmobiliza- 
tion of glucose-oxidase with the above- 
mentioned redox-active polyelectrolytes 
results in films that respond to glu- 
cose amperometrically. A careful study 
of the poly (allylamine) ferrocene system, 
however, suggests that <1% of the en- 
zymes are actually active [46]. 

2.2.4 

Direct Voltammetry Using Layered 
Protein-polyion Films 

Lvov and coworkers made ultrathin films 
of a variety of proteins and oppositely 
charged polyions by the layer-by-layer 
method [15, 47, 48]. Enzymes retained 
high activity in these films. Intermixing 
between nearest neighbor protein and 


polyion layers is likely, as found for films 
of linear polycations and polyanions [9]. 

Direct electron exchange between elec- 
trodes and the iron heme proteins myo- 
globin (Mb) and cyt P450cam was achieved 
in layer-by-layer films [49]. Films were 
built on a chemisorbed layer of mercap- 
topropane sulfonate (MPS) on gold elec- 
trodes, which was required for direct 
voltammetry. Reversible cyclic voltammo- 
grams were obtained for the Fe m /Fe n 
redox couple of these proteins (Fig. 5). Re- 
versible voltammetry was also found for 
films of polycations and putidaredoxin, the 
natural redox partner of cyt P450cam [50]. 
No voltammetric peaks were found for 
any of these proteins in solutions on bare 
gold electrodes. 

On smooth Au, only the protein layer 
closest to the electrode was fully electroac- 
tive, while second layers were 20 to 40% 
electroactive [49]. Additional protein layers 
did not communicate with the electrode. 

A larger active enzyme loading per 
unit area can be provided by increasing 
the number of electroactive layers. This 
was achieved by growing films on rough 
pyrolytic graphite (PG) electrodes and ad- 
sorbing coiled polyions from solutions of 
high salt concentrations. This approach 
gave many more layers of electroactive Mb 
than smooth gold [51], as did Mb adsorbed 
alternately with negative MnC >2 or SiC >2 
nanoparticles [52], Cyclic voltammograms 
show up to 7-10 electroactive Mb layers 
for these systems (Fig. 6). Electrode rough- 
ness seems to be an important factor. 

Average E 0 ' -values versus NHE for Mb 
were -0.085 V (pH 7) for [PSS(0.5 M 
NaCl)/Mb] 6 , -0.037 V (pH 5.5) for PSS/ 
PDDA/Si0 2 (Mb/Si0 2 )9, and -0.028 V 
(pH 5.5) for PSS/PDDA/Mn0 2 (Mb/ 
Mn02)io- These were similar to values 
for Mb in cast phospholipid and ionomer 
films, but more negative than the 
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Fig. 5 Cyclic voltammogram at scan rate 0.5 V s -1 of 

Au - MPS/PEI/PSS/Cyt P450cam film in TRIS buffer, pH 7 (Adapted 

from [49] with permission. Copyright 1 998 American Chemical Society.). 



Fig. 6 Cyclic voltammograms at 0.3 V s' 1 in pH 5.5 buffer of 
PSS/PDDA/Mn02(Mb/Mn02)n films with n = 2, 5, and 10 on rough 
PG electrodes. (Adapted from [52] with permission. Copyright 2000 
American Chemical Society.). 
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solution values, for example, 0.05 V at 
pH 7 [53], E 0, -values in these films shift 
negative by 50-59 mV /pH unit, indicating 
participation of a proton in the electron 
transfer reaction. Analysis of square-wave 
voltammetry data on 75 nm [PS S (0.5 M 
NaCl)/Mb]6 films on rough PG with a 
standard potential dispersion model gave 
an average standard electrochemical rate 
constant of 53 s -1 [51], in the same range 
as Mb-surfactant and cast Mb-polyion 
films [53]. 

Layer mass measured by QCM for 
SiC> 2 -Mb films indicated sufficient protein 
in the film to completely coat each 
nanoparticle. Complete protein coating 
of each particle may provide connected 
pathways that facilitate charge propagation 
by electron hopping. 

Mb loading per unit area on rough 
PG electrodes depended on the materials 
used. PSS and DNA adsorbed from 0.5 M 
NaCl gave larger loadings of Mb per 
unit electrode area for up to 6 bilayers, 
with PSS giving slightly larger amounts 


than DNA. Increases in electroactivity 
extended to 10 bilayers for MnC >2 and SiC >2 
nanoparticle films, but smaller total Mb 
loadings were obtained. 

2.2.5 

Electrode-driven Enzyme-like Catalysis 

Prototype bioreactors have been based on 
the layer-by-layer films discussed earlier. 
Epoxidation of styrene and its derivatives 
was achieved by using Mb and cyt P450cam 
in layered polyion films [54]. This oxidation 
mimics natural cyt P450-catalyzed oxida- 
tions, and involves an unusual combined 
oxidation-reduction pathway. The reaction 
pathway (Scheme 1) is similar to that of 
Mb in aqueous solutions and microemul- 
sions [55]. The electrode reduces MbFe 111 
to MbFe 11 , which reacts with oxygen to 
give MbFe n - 02 , which is reduced electro- 
chemically to H 2 O 2 . MbFe 111 is converted 
by H 2 O 2 to the radical *MbFe IV =0. This 
ferryl radical epoxidizes styrene. Thus, a 



Scheme! Electrode-driven Mb-catalyzed oxidation of styrene. 



catalytic electrochemical reduction drives a 
catalytic enzyme-like oxidation in a doubly 
catalytic process. 

Catalytic activities of films containing 
Mb or cyt P450 enzymes on electrodes 
were compared for styrene epoxidations. 
Electrolyses were done at —0.6 V ver- 
sus SCE at 4°C on gold foil cathodes 
coated with layer-by-layer polyion-protein 
films on both sides. The cathode com- 
partment contained oxygenated pH 7.4 
buffer saturated with styrene or a styrene 
derivative. Cyt P450cam-polyion films on 
Au-MPS electrodes gave better catalytic 
activities than Mb films. Stereochemistry 
for the epoxidation of cis-fi -methylstyrene 
depended on oxygen availability. There 
appear to be two pathways. The stereos- 
elective pathway utilizes the high valent 
iron-oxygen intermediate, as does the natu- 
ral enzyme system. The nonstereoselective 
pathway may involve a peroxyl radical near 
the protein surface, which forms in the 
presence of oxygen. 

Layer-by-layer protein films made with 
polyions or nanoparticles are relatively 
new to bioelectrochemistry, and may have 
advantages over other film types. The 
enzymes retain high activity, and only 
sub-nanomolar amounts are required. The 
films are mechanically stable, and Mb and 
cyt P450 cam films have storage stability 
of at least a month in cold buffer. 
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3.1 

Introduction 

Fabrication of organic thin films requires 
a thorough understanding of the factors 
that govern their formation if they are to be 
used in applications such as light emitting 
diodes, nonlinear optical materials, field- 
effect transistors, rectifying junctions, and 
photovoltaic devices. The growing interest 
in organic films stems largely from 
the premise that collective optical and 
electronic properties can be systematically 
manipulated through molecular design. 
Many of these properties depend strongly 
upon film structure and orientation with 
respect to the substrate upon which they 
are deposited. If both the substrate and 
overlayer are crystalline, careful attention 
must be paid to the role of epitaxy, which 
refers to the registry between the overlayer 
and substrate lattices. As described herein, 
however, epitaxy between high-symmetry 
crystalline substrates and organic films 
that typically have large, low-symmetry 
unit cells requires a different approach 
than the more simplistic ones commonly 
used to describe epitaxy. The combination 
of electrochemistry and atomic force 
microscopy (AFM) allows one to observe 
directly the nucleation and growth events 
associated with the growth of organic 
films so that the epitaxial conditions 


at the interfaces can be deduced in 
a rather straightforward manner. This 
chapter will describe the electrochemical 
growth of a representative organic film, 
the use of real-time in situ AFM for 
the visualization of growth, the rules 
for epitaxy that govern the molecular 
organization of these films, and nucleation 
studies that illustrate how one can examine 
small ensembles of molecules that are 
physically constrained in “corrals” on the 
substrate. 


3.2 

Design Approaches for Epitaxial Organic 
Films 

One approach to the design and syn- 
thesis of crystalline molecular films on 
ordered substrates involves relying on 
the “native” structure of the primary 
molecular overlayer, presumed to be at 
or near its minimum energy configura- 
tion, based on layer motifs existing in 
the corresponding bulk crystals. Organic 
crystals tend to assemble in the solid 
state as two-dimensional (2-D) layers with 
strong intralayer bonding (e.g. through 
hydrogen bonding, charge transfer, or het- 
eroatom-heteroatom interactions). Thus, 
molecular layer motifs in bulk crystals 
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are ideal starting points for the design 
of robust films. This concept can be 
illustrated by the two different structural 
forms of the organic salts (ET)2X (ET 
= bis(ethylenedithiolo)tetrathiafulvalene; 
X = I3), which actually are electrical con- 
ductors and, under certain conditions, su- 
perconductors at low temperatures. These 
compounds exhibit layers in the (001) 
planes, which are clearly evident from 
models derived from single-crystal X-ray 
diffraction analysis (Fig. 1). Interestingly, 
the two forms, referred to as a-(ET)2l3 and 
/3-{ET) 2 h, differ with respect to the tilt of 
the ET molecules in the layers and, more 
importantly, with respect to the symmetry 
of the two-dimensional unit cell of their 
respective (001) planes. As we shall see in 
the forthcoming sections, this symmetry 


affects the lattice registry of these planes 
with a growth substrate. 


3.3 

The Advantages of Electrochemistry and 
Atomic Force Microscopy 

The nucleation and growth of organic 
thin films, and thin films in general, 
is challenging because it is difficult to 
initiate a nucleation process in a con- 
trolled manner. Furthermore, it is difficult 
to visualize these processes directly, par- 
ticularly for growth processes occurring 
in a solution. The (ET)2X compounds, 
and other redox-active materials, can be 
grown by electrocrystallization, in which 
the ET molecule is oxidized at an electrode 



Fig. 1 Views of the (001) (upper) and (010) (lower) planes of the 
crystalline a (left) and f (right) phases of (ET )2 13 ■ The thicknesses of the 
(001) layers differ because of the tilt angle of the ET molecules. The subtle 
packing differences between these two phases leads to a phase selectivity 
during epitaxial growth on highly oriented pyrolytic graphite. 


surface that is immersed in a solution 
containing the X - counterion, thereby 
precipitating as the (ET) 2 X salt. This al- 
lows nucleation to be initiated simply 
by applying a potential to the electrode 
surface, and subsequent growth to be 
controlled by regulation of that poten- 
tial. The ability to trigger nucleation by 
electrochemically driven changes in redox 
state provides for accurate measurement 
of nucleation times from a common refer- 
ence time (when the electrode potential is 
switched to the value for ET oxidation) . The 
solute concentration at the substrate sur- 
face can be controlled potentiostatically, 
and monolayers can be repeatedly grown 
and removed electrochemically so that a 
statistically meaningful number of nucle- 
ation and growth events can be obtained. 
When combined with the real-space to- 
pographical imaging mechanism of AFM, 
which can be practiced in electrochem- 
ical cells with real-time visualization of 
near-molecular scale events, redox-active 
systems are ideal for examining the funda- 
mental aspects of nucleation and growth 
of organic films. 


3.4 

Atomic Force Microscopy in 
Electrochemical Cells 

Before illustrating actual examples of elec- 
trochemical growth of epitaxial organic 
films and their visualization by AFM, a 
brief description of the AFM method in 
this context is warranted. An atomic force 
microscope operates much like a surface 
profilometer. A small tip, usually of sil- 
icon or silicon nitride, at the end of a 
silicon cantilever is moved in small in- 
crements with piezoelectric actuators over 
the sample (or the sample is moved under 
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the tip) while in contact with the sam- 
ple surface. A two-dimensional image is 
acquired by rastering the tip over a spec- 
ified area of the sample. Imaging can be 
accomplished at constant force, wherein 
the tip traces the topography of the sur- 
face with a vertical resolution approaching 
0.1 A, or in constant height mode, wherein 
the tip is kept at a constant height above the 
sample and the force between the tip and 
sample is measured. The force between 
the sample and tip is deduced from the 
position of a laser beam, reflected off the 
back of the cantilever, on a spatially sen- 
sitive photodiode detector (Fig. 2). When 
the tip experiences an attractive force, the 
cantilever bends toward the sample so that 
the laser position on the detector moves 
downward. Conversely, a repulsive inter- 
action causes the cantilever to bend away 
from the sample so that the laser position 
moves upward. The deflection of the tip 
is calculated from the laser spot intensity 
from quadrants (A + B) - (C + D). 

A key issue for imaging of organic 
films is their susceptibility to mechani- 
cal damage as the AFM tip is rastered 
across the surface in the contact mode. 
Forces in excess of 10 -11 N are suf- 
ficient to cause mechanical damage on 
soft organic crystal surfaces. This is prob- 
lematic when imaging in air or vacuum 
where the van der Waals interaction is 
strongly attractive and the tip strongly en- 
gages the sample. Mechanical damage is 
exacerbated in air by capillary forces be- 
tween the tip and sample, which result 
from capillary condensation of water be- 
tween the closely spaced tip and sample. 
Under these conditions, etching of the 
sample surface as the tip is rastered is 
quite common. 

Fortunately, performing AFM in solu- 
tion eliminates capillary forces. Further- 
more, in suitable fluids, tip-sample forces 
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(b) 


Fig. 2 (a) Schematic of atomic force 

microscopy detection method. A laser is 
reflected off the cantilever and detected with a 
four-segment detector. This allows visualization 


of both topographical and frictional information, 
(b) Scanning electron micrograph of a pyramidal 
Si 3 N 4 AFM tip at the end of a silicon cantilever. 


are reduced by the liquid medium. In 
general terms, the van der Waals en- 
ergy between two objects is given by 
w(r) = — Cr ~ 6 , where C is a constant 
(in units of J m 6 ) with a magnitude 
proportional to the attractive interaction 
between the two objects. Laws describ- 
ing the interactions between two objects 
of various geometries can be devised by 
integrating the energies of all the atoms 
in one object with all the atoms in the 
other, to derive a “two-body” potential 
that can be described in terms of the 
Hamalcer constant A, which is given by 
A = 7r 2 Cpip2, where p\ and P 2 are num- 
ber densities (in units of m -3 ). In the 
case of a sphere (i.e. the AFM tip) in- 
teracting with a planar surface (i.e. a flat 
sample), the interaction energy between 
the tip and the sample can be approxi- 
mated as W = —AR/GD, where R is the 
radius of curvature of the tip and D is 
the tip-sample separation. The Hamaker 
constant for materials 1 and 2 interacting 
across medium 3, obtained from a modi- 
fied form of the Lifshitz theory, is given by 


Eq(l). 

^ 3kT /ei — fi 3 \ / £2 — £ 3 \ _|_ 3 ha> 
4 \£i + £3/ \£2 + £ 3 / 8^2 

(Hi - n\){n\ - n\) 

(w 2 + „2 ) l/2 (w 2 + H 2 ) l/2 [(n 2 + w 2 )1 /2 

+ („2 +n 2) 1 /2 ] 

( 1 ) 

where A132 is the Hamaker constant be- 
tween the tip (1) and sample (2) in the liq- 
uid medium (3), e,- and m are the dielectric 
constant and refractive index of medium 
/ respectively, and fiw is the ground 
state oscillation energy of the electron. 
For example, the Hamaker constant for 
the (tip)Si3N4|air|HOPG(sample) is 1.2 x 
10 -19 J, whereas for (tip)Si3N4|ethanol| 
HOPG(sample) A it is 9.0 x 10 -2 ° J. The 
reduced interaction and the absence of 
capillary forces conspire to reduce the me- 
chanical etching of soft samples. 

Another consequence of imaging in 
fluids is an improvement in the lateral res- 
olution. The resolution scale RS of AFM, 
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determined by the area of contact between 
the tip and the sample, is described by 
Eq. (2), whereto and Do are the AFM tip 
radius and the minimum tip -surface sep- 
aration allowed by repulsive contact forces, 
respectively; K is the combined elastic 
modulus of the tip and sample, and A132 
is the Hamaker constant. According to 
this equation, AFM resolution decreases 
with increasing van der Waals attraction 
between the tip and the sample. 


RS = 


l A m Rl 

V %KDq 


1 

3 


( 2 ) 


It is important to note that the imaging 
mechanism does not involve contact of the 
sample with a single atom on the tip. The in- 
teraction force between a macroscopic tip 
and surface is actually rather long range, 
scaling as D~ 2 , where D is the tip-sample 
separation. This increases the effective 
contact area of the tip, thereby limiting 
the resolution to the radius of curvature 
of the tip, which typically has values of ap- 
proximately 30 and 15 nm for conventional 
Si3N4 and Si tips, respectively. 

This resolution limit seems to con- 
tradict the numerous AFM images that 
have been reported, in which atomic or 
molecular-scale periodicities are observed. 
The atomic or molecular-scale contrast is 
actually due to the periodic forces felt by 
the tip as it moves over the surface of 
the periodic lattice of the sample, gen- 
erating what is tantamount to a Moire’ 
pattern of the convolved forces between the 
macroscopic tip and periodic lattice of the 
sample. Fortunately, molecularly smooth 
films with sufficiently large domains, such 
as those described herein, allow attain- 
ment of molecular-scale contrast. But it 
must be emphasized that molecular-scale 
contrast is not identical to molecular-scale 
resolution. 


The ability to image organic crystals 
and films with molecular-scale contrast 
enables determination of the lattice pa- 
rameters of the imaged plane, while step 
heights can provide the lattice constant 
normal to the plane. Consequently, AFM 
can be useful for identification or con- 
firmation of crystal structure. AFM and 
crystallographic dimensions will typically 
differ by <5%. These differences may be 
attributed partially to measurement error 
inherent in the AFM, although surface re- 
construction with concomitant reduction 
in surface energy is also likely. Much of 
this data is acquired in liquids, so re- 
construction can also result from surface 
interaction with solvent molecules. 


3.5 

Real-time Visualization of Electrochemical 
Growth 

3.5.1 

Growth of Molecular Overlayers 

The aforementioned ET2X layers fulfill 
three principal criteria for examining 
electrochemical growth of organic films: 
(1) the bulk crystals were intrinsically 2-D 
because of strong jz-jt overlap between 
the molecules along one dimension and 
strong dispersive interactions between 
polarizable heteroatoms along a second 
dimension, which should favor overlayers 
that are structurally robust and amenable 
to study, (2) the ability to grow the 
films electrochemically enabled regulation 
of nucleation and growth that was not 
achievable with redox-inert systems, and 
(3) the growth of these films occurs under 
ambient conditions so that their assembly 
can be examined directly with AFM. 

The electrocrystallization of (ET)2l3 salts 
on highly oriented pyrolytic graphite 
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(HOPG) were examined with real-time 
in situ AFM by using the HOPG sub- 
strate as an electrode [1]. Upon application 
of an anodic potential sufficient to gen- 
erate ET + at the HOPG electrode that 
is immersed in an ET/acetonitrile solu- 
tion confined within the AFM liquid cell, 
two-dimensional islands were formed on 
the HOPG surface. These islands exhib- 
ited an average thickness, as measured 
from the height difference with respect to 
the substrate, of 15.5 ± 0.5 A (Fig. 3), iden- 
tical to the thickness of the (001) layers 
of the /8-(ET)2l3 crystals (dooi = 15.28 A). 
The islands grew anisotropically along pre- 
ferred growth directions on the HOPG 
surface (10±«60° with respect to the 
graphite steps), eventually terminating at 
the edge of a graphite step or coalesc- 
ing into a contiguous 15.5 A thick over- 
layer. 

AFM images acquired on small re- 
gions within the islands or on the con- 
tiguous overlayer revealed an ordered, 
periodic structure expected of a robust, 
crystalline organic film. The lattice pa- 
rameters deduced from the real space 
and Fourier data revealed a 2-D unit 


cell with the lattice parameters b\ = 6.2 ± 
0.5 A, b 2 = 9.4 ± 0.8 A, and f = 107 ± 4°, 
comparing favorably to the single-crystal 
X-ray parameters of the (001) plane of 
bulk jS-(ET) 2 I3 { a = 6.6 A , b = 9.1 A, and 
y = 110°). Notably, the overlayer lattice 
parameters and thickness do not corre- 
spond to the (001) layer in a-(ET)2l3 
(a = 9.183 A, b = 10.804 A, y = 90.85°, 
and dooi = 17.4 A) nor to any other crys- 
tallographic plane in either phase. These 
data clearly indicate that the overlayer 
formed on HOPG mimics the (001) layer 
in bulk j 8-(ET) 2 I3- The lattice rotation of 
the overlayer with respect to the under- 
lying substrate lattice was deduced by 
imaging the substrate prior to overlayer 
deposition or imaging the substrate after 
overlayer deposition by using the AFM 
tip, at a higher applied force, to carve a 
hole in the overlayer. These measurements 
revealed an azimuthal relation between 
the overlayer and substrate lattices of ca 
19° as measured from selected princi- 
pal lattice vectors of the substrate and 
overlayer. Similar behavior can be ob- 
served for other (ET)2X salts, such as 
(ET) 2 Re0 4 . 



Fig. 3 AFM images acquired during growth of measured height of 15 A, which closely 

an yS - ( ET) 2 1 3 overlayer on HOPG at 60 seconds resembles the layer height of the (001) plane 

(a) and 120 seconds (b). (c) Unfiltered taken from the bulk X-ray crystal structure of the 

molecular contrast AFM data of a monolayer film ft phase of ET 2 1 3 - The angle of azimuth between 

of ET2I3 on HOPG. The monolayer has a the overlayer and substrate is ca 1 9°. 
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3.5.2 

Electrochemical Annealing of Organic 
Overlayers 

Lateral force imaging, which relies on lat- 
eral twisting of the AFM cantilever caused 
by friction between the tip and sample, 
revealed that the “contiguous” / 3 -(ET) 2 13 
overlayers were actually formed by the 
coalescence of separate domains. These 
domains had identical heights but three 
different orientations, evident in both lat- 
tice images and friction level, due to the 
symmetry of the HOPG substrate, lead- 
ing to domain boundary defects. Frictional 
contrast between differently oriented com- 
positionally identical domains is quite 
remarkable - the lateral twisting of the tip 
is apparently highly sensitive to the orien- 
tation of the molecular groups protruding 
at the surface. Furthermore, it corroborates 
the mechanical robustness and crystalline 
integrity of these films. 

When imaging was performed such that 
the cantilever scan direction was perpen- 
dicular to the cantilever long axis (90° 


scanning mode) the domain boundaries 
were clearly distinguished by large fric- 
tion values compared with those of the 
domain interiors (Fig. 4a). The enhanced 
friction at the domain boundaries can be at- 
tributed to disorder and decreased rigidity 
in these regions. Lateral force imaging at 
0° produced larger differences between the 
domain surfaces (Fig. 4b). The observation 
of different friction levels in different do- 
mains when scanning at either of these 
fixed angles must be due to the three 
possible orientations of the crystalline do- 
mains, since the domains are of identical 
composition and structure. 

The application of a potential that was 
cathodic compared to the overlayer strip- 
ping potential (550 mV versus Ag/AgCl) 
resulted in film dissolution at the do- 
main boundaries [2] , the rate of dissolution 
at the boundaries increasing with de- 
creasing domain size. Cycling the film 
potential between 550 and 675 mV, ca- 
thodic compared with the stripping po- 
tential and anodic compared with the 



Fig. 4 Different contrast for domains of the 
/S-(ET )2 13 films were observed depending upon 
the scan direction of the AFM tip. The left image 
(taken with the tip scanning at 0°) exhibits little 
contrast between domains (a), while the center 
image (taken with the tip scanning at 90°) 
exhibits marked contrast between domains (b). 
This phenomenon is due to the molecular 


orientations within different domains, in 
addition to the different sensitivity imparted to 
the tip by scanning at different angles. Different 
molecular orientations between domains are 
depicted on the right, with a model of the 
yS- (ET )2 13 structure with a 60° domain boundary 
superimposed on a molecular contrast AFM 
image of a domain boundary (c). 
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Fig. 5 AFM images illustrating the 
electrochemical annealing process for an 
overlayer of /? - ( ET) 2 1 3 • A nearly coherent 
overlayer (a) begins to dissolve (b) upon 
switching the electrochemical potential to a 


value less than the oxidizing potential for ET. 
During regrowth, the monolayer fills in the 
dissolved areas (c), mimicking the process of 
Ostwald ripening. 


deposition potential, respectively, resulted 
in progressive growth of the larger do- 
mains at the expense of smaller domains 
(Fig. 5). Incompletely dissolved domains 
regrew with the same orientation as the 
smaller domain, but growth from the sur- 
rounding larger domains intruded onto the 
region previously occupied by the smaller 
domain. These observations illustrated 
that overlayers can be electrochemically 
annealed by simple potential cycling of 
the deposition and dissolution potentials, 
suggesting a facile approach to the fabrica- 
tion of high-quality redox-active molecular 
films on substrates, including those with 
nonplanar geometries. 


3.6 

Rules of Epitaxy for Organic Films 

3.6.1 

Epitaxial Nucleation of an Overlayer 

The observation of a preferred orientation 
for an organic film, such as that observed 
for the yS-(ET) 2 I 3 overlayers, is a signature 
of epitaxy, wherein the substrate and the 
overlayer lattices are related by a phase 


relationship in which some registry is 
achieved. Growth of an organic overlayer 
near thermodynamic equilibrium involves 
reversible adsorption of molecules on the 
substrate surface and the aggregate edges, 
with the molecules arriving at the edges 
through surface diffusion following arrival 
on the substrate (Fig. 6). Nucleation in- 
volves fluctuations in which nuclei of var- 
ious sizes continually assemble and disas- 
semble at different azimuthal orientations 
on the substrate. An aggregate with a good 
epitaxial match corresponds to a more neg- 
ative fainter > which affords a smaller barrier 
to nucleation and sustained growth. 

3.6.2 

Definitions of Epitaxy 

Epitaxy is often described simply as an 
overlap between a pair of substrate lattice 
vectors and a pair of overlayer-substrate 
vectors, wherein the lengths of the co- 
inciding lattice vectors of the opposing 
lattices are related by integral multiples. 
This generates a condition known as com- 
mensurism, wherein each overlayer lattice 
point sits on one of a set of translationally 
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Fig. 6 Growth of a molecular overlayer near thermodynamic equilibrium involves reversible 
adsorption of molecules (black) on the substrate surface and the aggregate edges, the 
molecules arriving at the edges through surface diffusion following arrival on the substrate. 
Nucleation involves fluctuations in which nuclei of various sizes continually assemble and 
disassemble at different azimuthal orientations on the substrate. Achievement of critical 
nucleus dimensions at the preferred azimuthal orientation occurs when the sum of the 
aggregate volume-free energy (G v , the sum of individual Ej ntra contributions) and the 
overlayer-substrate interface energy (Winter) overcomes the contribution of the surface 
energies y up p er , Kedge. Ksubstrate- A n aggregate with a good epitaxial match (striped) 
corresponds to a more negative Einten which affords a smaller barrier to nucleation and 
sustained growth. The epitaxial aggregation at the expense of others in nonepitaxial 
alignments (white) tend to dissociate because of less favorable Ei n ter values. 


equivalent substrate lattice point. If the 
lengths are not integral multiples, then a 
percentage mismatch based on the differ- 
ence between the two coinciding vectors 
is used to describe the “quality of epi- 
taxy.” In the case of organic films, this may 
not be the best approach for characteriz- 
ing epitaxy. Efforts in our laboratory have 
demonstrated oblique, low-symmetry unit 
cells that are characteristic of organic lay- 
ers, which cannot achieve commensurism 
with high-symmetry substrates, achieve 
epitaxy through coincidence, in which the 
“point-on-point” (POP) commensurism 
between a densely packed overlayer and 
the substrate is achieved only at the vertices 
of a supercell comprising several primitive 
unit cells of the overlayer. The achievement 
of commensurism or coincidence is gov- 
erned by a delicate balance of the intralayer 
interactions between the molecules and lo- 
cal interactions between the molecules and 
the substrate. When the former dominates, 
coincidence is possible. 

To understand this in more detail, 
it is necessary to describe an epitaxial 


interface using seven parameters, the 
lattice parameters of the substrate, a \ , 
02 , and a, the lattice parameters of the 
overlayer, b\, bj, and f>, and the azimuthal 
angle 9, between the lattice vectors a\ and 
b\ (Fig. 7). The substrate and overlayer 
lattice vectors for a given azimuthal 
orientation 6 are related through the 
transformation matrix [C] in Eq. (3), where 
the matrix coefficients are defined by 
Eqs (4) -(7). 


b\ 

_bi _ 

= [C] 

1 1 

t-i (N 

i i 

= 

P 

r 

q 

s 

a\ 

ai _ 


(3) 

p = b\ sin(a — 6)/a\ sin(a) (4) 

q = b\ sin(0)/fl2 sin(a) (5) 

r = Z ?2 sin(a — 9 — f)/a\ sin(a) (6) 
5 = Z ?2 sin(0 + f)/o 2 sin(a) (7) 


Employing this matrix as a mathematical 
guide, epitaxy can be classified generally 
according to three principal categories 
that illustrate the complexity of epitaxy [3], 
particularly for low-symmetry overlayers: 




Fig. 7 Schematic representation of the possible modes of epitaxy. Overlayer lattice points are 
depicted as small filled circles and substrate lattice points are depicted as larger shaded circles 
and the overlayer primitive cells are indicated by solid lines, (a) In a commensurate overlayer, 
every overlayer lattice point coincides with a substrate lattice point and certain overlayer [h, k ] 
lines; in this case [1 ,4] overlayer lattice lines, coincide with primitive [0,1] substrate lines. 
Although one matrix element is zero in this example, this is not required for commensurism. 
(b) Coincidence-IA point-on-line (POL) overlayers require that all four matrix elements be 
rational with two integers confined to one column. All overlayer lattice points, here distributed 
on overlayer [1 ,2] lattice lines, must lie on a particular primitive substrate line, here [0,1]. The 
2x2 supercell for this overlayer is indicated by dashed lines connecting the supercell corners. 
An alternative choice of the primitive unit cell is depicted by lattice vectors iq and b 2 . The area 
and transformation matrix determinants are identical for both cells, (c) A coincidence-1 1 
overlayer, with p, q, and r, rational and s equal to zero. Along both primitive substrate 
directions, every point-on-line overlayer lattice point is compensated by a lattice point that lies 
between primitive substrate lines. 


• Commensurism (POP): p,q,r, and s 
are all integers. All the overlayer lat- 
tice points lie simultaneously on two 
primitive substrate lattice lines and 
coincide with symmetry-equivalent sub- 
strate points (Fig. 7a). This can be 
described alternatively as POP coinci- 
dence. Each primitive overlayer lattice 
vector is an integral multiple of an 
identically oriented (primitive or non- 
primitive) substrate lattice vector. This 
condition is generally regarded the ener- 
getically most favorable one with respect 
to the overlayer- substrate interface be- 
cause the surface potentials of the 
two opposing lattices, which have pe- 
riodicities that conform to the lattice 
dimensions, are phase coherent. This 


coherence optimizes the attractive inter- 
actions that drive the formation of the 
overlayer. The overlayer lattice points in 
the illustration are placed on substrate 
lattice points for ease of visualization. 
The actual positions of the overlayer lat- 
tice points will be dictated by the surface 
potentials, but the phase coherence is in- 
dependent of overlayer translation (note 
that the transform matrix describes ro- 
tation only). 

• Coincidence-I (POL): Among p, q, r,and 
^ are at least two integers confined to a 
single column of the matrix. Certain 
[h , k ] lines of the overlayer coincide 
with one set of primitive substrate 
lines (i.e. [0,1]). Therefore, the condition 
b\ = a* applies if the unit cell is 
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properly constructed. Every lattice point 
of the overlayer lies at least on one 
primitive lattice line of the substrate, 
a condition that can be described as 
point-on-line (POL) coincidence. POL 
coincidence can be subdivided into two 
classes depending on whether one of the 
noninteger matrix elements is rational 
or irrational: 

Coincidence- 1 A (POL): p,q,r, and s 
are all rational numbers. A supercell, 
which in the case of Fig. 7(b) is a 2 x 2 
array of primitive cells, defines the 
phase-coherent registry with the sub- 
strate. By convention, the supercell is 
defined by corners that coincide with 
substrate lattice points. If these sites 
are considered energetically preferred, 
this condition implies that the other 
overlayer lattice points on or within 
the perimeter of the supercell are less 
favorable. Consequently, if only the 
overlayer-substrate interface is con- 
sidered, coincidence is less preferred 
than commensurism. Two alternative 
primitive unit cells are depicted here, 
constructed from different primitive 
lattice vectors. Though the matrix el- 
ements differ, the determinants and, 
therefore, the areas are identical. Note 
that the description of the unit cell with 
b 1 coinciding with [0,1] illustrates the 
reciprocal space criterion bf = ma\ 
(m = 1). 

Coincidence- IB (POL): At least one 
of the noninteger elements in the 
matrix is an irrational number. The 
irrational element(s) produce(s) an 
incommensurate relation between the 
overlayer and substrate along the 
coinciding primitive lattice vector. In 
this case, the supercell is only defined 
at infinity along this primitive lattice 
vector. From a practical point of view, a 
coincidence-IA cell may appear to be a 


coincidence-IB cell if its supercell size 
exceeds the bounds of the experimental 
measurement. 

• Coincidence- 1 1: p, q , r, and 5 are rational 
numbers, but no column consists of 
integers. Only some [h , k] lines of the 
overlayer coincide with the [0,1] lines 
of the substrate. Consequently, only 
some of the overlayer lattice points 
lie on primitive substrate lattice lines. 
This condition demands that bj* = 
/ ai* (here b:[ and a* denote reciprocal 
space lattice vectors, not necessarily 
reciprocal space lattice basis vectors), 
where / must be a rational fraction 
(if / is irrational, the overlayer must be 
incommensurate). Because a supercell 
can still be constructed, as illustrated in 
Fig. 7(c), this configuration technically 
fulfills the criterion for coincidence. 
This mode of epitaxy, however, violates 
the aforementioned reciprocal space 
criterion for coincidence. 
Incommensurism : At least one of the 
elements p,q,r, and s is irrational 
and neither column of the translation 
matrix consists of integers. Under 
this condition, no distinctive registry 
between the substrate lattice and the 
deposit lattice exists. 

3 . 6.3 

Lattice Modeling and Prediction of Epitaxy 

A conceptually simple approach to deter- 
mining the most likely epitaxial orientation 
for a given overlayer on a given substrate 
relies on the direct space analysis of the 
phase coherence between the two oppos- 
ing lattices, that is by a superposition of 
plane waves. This approach, which is con- 
tained within a program we have dubbed 
EpiCalc, consists of a real-space analytic 
expression that evaluates the phase co- 
herence between overlayer and substrate 
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lattices at a specified azimuthal angle for 
a specified set of lattice parameters (Epi- 
Calc is available on the World Wide Web 
at http://www.wardgroup.umn.edu/soft- 
ware/software.html) [4]. The premise for 
this method is the correspondence be- 
tween the lattice periodicities of the 
overlayer and substrate and their re- 
spective surface potentials, described as 
simple plane waves that are modeled 
as cosine functions. The algorithm is 
constructed so that the analytic func- 
tion returns a dimensionless potential 
V /V 0 , over a user-defined range of az- 
imuthal angles and angle increments, 
requiring as input only the substrate lat- 
tice parameters and either a single set 
or range of overlayer lattice parameters. 
The function returns discrete values of 
V / Vo = 1 and V / V 0 = 0.5 for incommen- 
surism and POL coincidence, respectively, 
V/Vo = 0 for commensurism on non- 
hexagonal substrates, and V/V 0 = — 0.5 
for commensurism on hexagonal sub- 
strates. The supercell size of a coincident 
overlayer can be determined by finding 


the integers (c and cl) needed to generate 
integer values for the matrix coefficients of 
ai and G 2 r where cb\ x dbiis the supercell 
size. 

If this analysis is applied to the (001) 
j 3-(ET) 2 I 3 film on HOPG an azimuthal 
orientation of ca 19° between overlayer 
and substrate lattices is predicted, in agree- 
ment with the results. This layer is found 
by EpiCalc to be coincident, preserving the 
bulk crystal structure with a 1 x 3 supercell 
and an azimuthal rotation of 19° (Fig. 8), 
in agreement with the experimental mea- 
surements. Similar analyses of numerous 
organic films fabricated by us and oth- 
ers revealed that coincidence was quite 
common and more important was that 
the EpiCalc results almost always detected 
the epitaxial configurations observed ex- 
perimentally or predicted by higher level 
potential energy calculations [5]. The lat- 
tice analysis provided by EpiCalc, however, 
can be performed in minutes, making this 
a valuable tool for the design of epitaxial 
organic films. 
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Fig. 8 (a) EpiCalc results for an (001) ET 2 I 3 

overlayer on an HOPC substrate. The V/V 0 
minimum of 0.5 at 1 9° indicates coincidence at 
this angle of azimuth. The resulting translation 
matrix b 1 = 23i + I 02 , i >2 = — 43i + 10/302 


indicates a supercell size of lbi x 3i>2- (b) The 
overlayer-substrate relationship for this system. 
Open circles mark locations of lattice 
coincidence, while open squares mark locations 
of noncoinciding lattice points. 



3.7 

Nucleation of Molecular Films 

Though the example above illustrates film 
growth, it does not reveal the actual 
nucleation events responsible for the initi- 
ation of film growth. Direct visualization of 
nucleation by scanning probe microscopy 
is complicated by the probabilistic and 
stochastic nature of the process, which 
frustrates observation of nucleation events 
on selected substrate regions at desired 
times and requires numerous observations 
for meaningful statistical analysis. Fur- 
thermore, nucleation must be examined at 
length scales near the critical dimensions 
to probe molecular ordering, precisely. 

These obstacles can be overcome, at 
least partially, by electrochemical growth 
of organic overlayers, such as the f>- 
(ET) 2 I 3 overlayers, in “pits” or “corrals” 
that can be generated thermally on HOPG 
substrates. On such surfaces, overlayer 
growth occurred predominantly on the 
terraces surrounding the pits, with the 
pits usually filling only after the terrace 
was completely covered by the yS-(ET )2 13 
monolayer (Fig. 9) [6]. When nucleation 
did occur in a pit, the growth was suffi- 
ciently fast that the pit filled completely on 
the timescale of image acquisition (ca 1 
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minute). Consequently, the actual growth 
of nuclei could not be observed, but the 
formation of a monolayer in a pit signifies 
a nucleation event. Numerous trials in- 
dicated that (1) monolayer nucleation was 
not initiated at pit edges , in agreement with 
the absence of step-initiated growth on 
untreated HOPG terraces, (2) monolayers 
on the terrace did not induce nucleation 
in the pit, and (3) overlayer nucleation 
within a pit, when it did occur in the ab- 
sence of terrace growth, did not induce 
nucleation on the surrounding terrace. 
Nucleation occurred at different terrace lo- 
cations and in different pits in successive 
growth sequences, consistent with random 
nucleation events and the absence of per- 
sistent nucleation centers. 

The broad distribution of pit sizes on 
a single HOPG substrate enabled simul- 
taneous measurement of /i-(ET) 2 l 3 nu- 
cleation in different pit sizes, while the 
ability to repeat the growth sequence by 
electrochemical removal of grown over- 
layers enabled the acquisition of statis- 
tically meaningful number of measure- 
ments. Furthermore, overlayer formation 
in the pits can be deduced from AFM 
data without having to obtain molecular- 
scale contrast, enabling measurements on 



Fig. 9 Real-time in situ AFM images acquired during growth of a type I yS- (ET)2 13 overlayer on a 
pitted HOPG electrode substrate. Lateral force images are shown here to depict better the 
contrast between the monolayer and the HOPG substrate. The overlayer initially covers the open 
terraces, with pits filling in over time, from larger to smaller pits, statistically. 
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large substrate areas in a single image 
frame so that many nucleation events can 
be recorded simultaneously. Nucleation 
statistics were compiled for both overlayer 
types by measuring the fraction of pits 
filled for differently sized pits at specific 
times following the application of the over- 
layer growth potential. Analysis of a large 
amount of data revealed that growth in 
the pits was limited by transport from the 
bulk solution, principally because the pit 
edge served as a barrier to molecules from 
the surrounding terraces. More important, 
/S-(ET) 2 l 3 overlayers never formed in pits 
with diameters smaller than 100 nm. This 
observation, as well as modeling of the 
experimental data, suggested that the crit- 
ical nucleus size was roughly 3000 (ET )2 13 
“units.” 
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4.1 

Doping of Molecules Having Specific 
Functions in the Conducting Polymers 

Electrically conducting polymers of high 
popularity, such as polypyrrole, polythio- 
phene, polyaniline, and their derivatives, 
are easily prepared by oxidative polymer- 
ization of the corresponding monomers. 
Both electrochemical oxidation and chem- 
ical oxidation using an appropriate oxi- 
dizing agent such as Fe(III) are useful. 
When the polymerization takes place, the 
resulting polymers obey positive charges, 
which allow spontaneous doping of an- 
ions present in the polymerization baths 
to compensate the positive charges of the 
polymers. The doped anions can easily 
come out on reduction of the polymers if 
the size of the anions is small in the rela- 
tive sense. If the size of the anions is great, 
however, the doped anions are retained 
even when the as-prepared conducting 
polymers are reduced. Instead, cations in 
the electrolyte solutions used for reduc- 
ing the as-prepared polymers are doped 
in such cases, as schematically illustrated 
in Fig. 1. Such highly stable properties of 
doped anions are utilized as the means 
of attaching special functions to the con- 
ducting polymers. The validity of the idea 
was first demonstrated for cobalt por- 
phyrin-doped polypyrrole films prepared 


by electrochemical polymerization of 
pyrrole in the presence of the cobalt 
porphyrin sulfonate [1, 2]. The prepared 
polymer-coated electrodes exhibited their 
catalytic activities for electrochemical re- 
duction of oxygen due to the immobi- 
lized cobalt porphyrin in the polypyrrole 
films. If metal-phthalocyanines having 
electrochromic properties were doped in 
polypyrrole films using the same tech- 
nique, the resulting polymer films showed 
vivid electrochromic responses [3, 4]. Both 
polypyrrole and the doped phthalocya- 
nine are involved in the redox reaction 
of the polymer film in such a way as 
to cause color change of the polymer 
films. Similar methods were adopted to 
prepare the conducting polymers doped 
with inorganic ions [5-8], organic com- 
pounds [9, 10], heteropolyanions [11-14], 
and metal complexes [15-23] to attach 
the special functions of the dopants to 
the conducting polymers, as shown in 
Table 1. 

Anions having greater sizes, such as 
poly(styrenesulfonate) [24-36], poly(vinyl 
sulfate) [24, 36-40], and Nafion [41-45], 
which are known as polyelectrolytes, are 
also used as the dopants in the conduct- 
ing polymers. Electrochemical polymeriza- 
tion of the monomer in the presence of 
the polyelectrolyte in the polymerization 
bath yields the conducting polymer films 
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Conducting polymer 



Fig. 1 Redox reaction schemes 
of a conducting polymer doped 
with large electrolyte anions. C + 
denotes electrolyte cation. 



Tab. 1 Conducting polymers doped with electrolyte anions having specific functions 


Conducting polymer 

Dopant 

Function 

Ref. 

Polypyrrole or its 

Porphyrin derivative 

Electrocatalytic activities 

1, 2 

derivatives 

Phthalocyanine derivative 

Electrochromic properties 

3, 4, 15-17 


Anthraquinone-1 -sulfonate 

electrocatalytic activities 

Redox activities 

9 


Calixarene 

Ion-sensitivities 

10 


Fe(CN) 6 4 - 

Redox activities 

18-20 


Heteropolyanion 

Electrocatalytic activities 

11 


Prussian blue 

Redox activities, pH sensitivities 

21-23 


MoS 4 2 ~, MoS 3 

Redox activities 

5-8 

Poly-3-methylthiophene 

Heteropolyanion 

Electrocatalytic activities 

12 

Polyaniline 

Heteropolyanion 

Electrocatalytic activities 

12-14 


containing the anionic polyelectrolytes. 
Since the polyelectrolyte anions occupy a 
large geometric fraction of the deposited 
films, the polymerized materials can be 


regarded as the composites. The redox re- 
action schemes of the composites are the 
same as those of conducting polymers con- 
taining anions of large sizes as mentioned 
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above and as illustrated in Fig. 1. Simi- 
lar composites of a conducting polymer 
and an anionic polyelectrolyte are also 
prepared by using polyelectrolyte film- 
covered electrodes as the anode [46-51]. 
The polyelectrolyte film-covered electrodes 
are easily prepared, because the polyelec- 
trolyte can easily be formed in a thin 
film form on conducting electrode sub- 
strates. The polymerization reactions in 
such cases are initiated at the surface of 
the electrode substrate, and the polymer 
film grows in a direction perpendicu- 
lar to the electrode substrate with the 
use of anions of the polyelectrolyte film 
as the charge compensator for positive 
charges of the conducting polymers. The 
composites made of a conducting poly- 
mer and a polyelectrolyte have almost 
the same electrical conductivity as the 
corresponding polymer film containing 
conventional anions and they have high 
mechanical strength, allowing them to 
be free standing in both liquid and gas 
phases. 

Though anionic species are incorporated 
in the conducting polymers in their 
preparations, the immobilization of a large 
cationic molecule in a composite film 
was also achieved by electrochemically 
polymerizing aniline in the presence of 
methylene blue and Nafion [42, 43]. Only 
a fraction of the negative charges of 
Nafion is used to bind electrostatically 
methylene blue cations, and the remaining 
negative charges of Nafion are utilized 
for immobilizing methylene blue-bound 
Nafion in polyaniline. 

A lot of biomolecules like enzymes can 
also be immobilized in the conducting 
polymer film by electrochemical polymer- 
ization of a monomer in the presence 
of the biomolecules, because many kinds 
of biomolecules are negatively charged in 


neutral aqueous solutions where the elec- 
trochemical polymerization can be carried 
out. The most extensive studies that have 
been made in the area are to immobilize 
glucose oxidase in several kinds of con- 
ducting polymers to fabricate amperomet- 
ric glucose sensors of small sizes [52-87], 
the working principle of which is as fol- 
lows. The glucose oxidase immobilized 
in polypyrrole films catalyzes oxidation 
of glucose, resulting in reduction of the 
immobilized enzyme. The reduced en- 
zyme is then spontaneously oxidized to 
its original chemical state by an appro- 
priate electron acceptor, which is present 
in the glucose solution such as dissolved 
oxygen. The electron acceptor is then re- 
duced and its amount is determined by 
measuring anodic currents at the enzyme- 
immobilized polypyrrole films that are 
polarized anodically. Several kinds of re- 
dox agents such as anionic ferrocene 
and quinone derivatives work well as 
the earlier-mentioned electron acceptors, 
and those redox agents are easily immo- 
bilized together with glucose oxidase, if 
the conducting polymers are prepared in 
the presence of glucose oxidase and re- 
dox agents having anionic groups such 
as sulfonate groups [31, 88-95]. The im- 
mobilization of other biomolecules in 
polypyrrole films using the oxidative poly- 
merization of the monomer in the pres- 
ence of dissolved biomolecules was suc- 
cessfully achieved for alcohol dehydroge- 
nase [96, 97], cholesterol oxidase [98-100], 
galactose oxidase [101-103], glutamate 
oxidase [104-106], peroxidase [73, 105, 
107-115], sacrosine oxidase [116-120], 
urease [121-123], uricase [124-128], and 
other biomolecules [106, 129-144], result- 
ing in preparation of biocatalytic elec- 
trodes with characteristics of the doped 
molecules. Table 2 summarizes those 
results. 
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Tab. 2 Conducting polymers doped with biomolecules 


Conducting polymer 

Biomolecule doped 

Ref. 

Polypyrrole or its derivatives 

Glucose oxidase 

31, 52-75, 88-95 


Alcohol dehydrogenase 

96, 97 


Cholesterol oxidase 

98, 99 


Flavin reductase 

129, 130 


Fructose dehydrogenase 

131-133 


Galactose oxidase 

101 


Glucose dehydrogenase 

134 


Glutamate oxidase 

104-106 


Glutamate dehydrogenase 

135 


P-450 

136 


Penicillinase 

137 


Peroxidase 

73, 105, 107-110 


Polyphenol oxidase 

106, 138 


Pyruvate oxidase 

139 


Sacrosine oxidase 

116, 117 


Sulfite oxidase 

119, 120 


Urease 

121, 122 


Uricase 

124-127 


Xanthine oxidase 

140 

Polythiophene or its derivatives 

Glucose oxidase 

76, 77 


Nitrate reductase 

142 

Polyaniline or its derivatives 

Glucose oxidase 

78-86 


Ascorbate oxidase 

145 


Cholesterol oxidase 

100 


Choline oxidase 

143 


Galactose oxidase 

102, 103 


Lactate dehydrogenase 

144 


Peroxidase 

111-115 


Sacrosine oxidase 

118 


Urease 

123 


Uricase 

128 


Xanthine oxidase 

141 

Polyindole 

Glucose oxidase 

87 


4.2 

Covalent Binding of Functional Molecules 
to the Conducting Polymers 

Besides the electrostatically driven spon- 
taneous doping of anionic functional 
molecules in the conducting polymers as 
mentioned earlier, chemical derivatization 
of the conducting polymers with func- 
tional molecules are also useful as the 
means of attaching special functions to 
the conducting polymers. For example, 


ferrocenecarbonyl group is easily coordi- 
nated to the nitrogen atoms of the pyrrole 
rings of polypyrrole just by immersing 
the polypyrrole film in a ferrocenecarbonyl 
chloride solution [146], When monomers 
substituted by functional molecules are 
used for the electrochemical polymeriza- 
tion reactions, conducting polymer films 
having chemical functions characteristic 
of the covalently bound groups are pre- 
pared as given in Table 3 [111, 147-179]. 
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Tab. 3 Conducting polymers chemically derivatized with functional molecules 


Base polymer 

Substituted molecule 

Ref. 

Polypyrrole 

Anthraquinone 

147 


Ferrocene 

146, 148, 149 


Metal-bipyridine complexes 

150-153 


Polyether or crown ether 

154-156 


Porphyrin 

157, 158 


Metal-cyclam complexes 

159 


Oligonucleotide 

160 


Glucose oxidase 

161-164 

Polythiophene 

Metal porphyrin 

165 


Polyether or crownether 

166-178 

Polyaniline 

Ferrocene 

111, 179 


Interestingly, the electrochemical poly- 
merization of the pyrrole monomers 
derivatized with electrochemically active 
species such as ferrocene and Ni-cyclam 
in the presence of glucose oxidase yields 
polymer films capable of determining the 
amount of glucose without using any re- 
dox agents in the solution [149, 159]. As a 
related subject, the chemical derivatization 
of nonconducting polymers (polyvinylpyri- 
dine or polyimidazole) with both an os- 
mium complex as a redox agent and 
glucose oxidase were successfully used to 


prepare high-performance amperometric 
glucose sensors [180-182]. 


4.3 

Composites of the Conducting Polymers 
and Inorganic Materials 

The immobilization of inorganic materials 
having special functions in the conduct- 
ing polymers was also achieved, as shown 
in Table 4 [183-208]. Since the inorganic 
materials possess usually no active sites 


Tab. 4 Composites of conducting polymer and inorganic material 


Conducting polymer 

Inorganic material 

Function 

Ref. 

Polypyrrole 

Pt 

Electrocatalytic activity 

183, 184 


Ru0 2 

Electrocatalytic activity (0 2 evolution) 

185 


wo 3 

Electrochromic activity Photoactivity 

186-189 


Mn0 2 , LiMn 2 04 

Positive electrode material 

190-195 


Ti0 2 

Photoactivity 

196, 197 


Si0 2 

Hole transportation 

198 


Pt 

Electrocatalytic activity 

183, 184 

Polyaniline 

Ti0 2 

Photoactivity 

199-201 


v 2 o 5 

Positive electrode material 

202 


wo 3 

Electrochromic activity Photoactivity 

203, 204 


CdS 

Photoactivity 

205, 206 


Au 

Electrocatalytic activity 

207 


Pt 

Electrocatalytic activity 

208 
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that are useful for being immobilized 
in the conducting polymers, a little dif- 
ferent approach from the case of the 
earlier-mentioned organic anion doping 
is needed to immobilize the inorganic 
materials into the conducting polymers. 
One approach that has been taken for 
the immobilization is to use anionic in- 
organic substances such as RuC>4 2 ~ [185] 
and PtCl6 2 ” [183] as the starting material 
for immobilizing Ru02 and Pt, respec- 
tively, in the conducting polymer films. 
Electrochemical polymerization of pyrrole 
in the presence of RUO4 2- or PtClg 2- 
yields polypyrrole films containing these 
anionic species. Succeeding electrochem- 
ical reduction of the prepared polypyrrole 
films gave polypyrrole films containing 
Ru0 2 [185] or metallic platinum [183]. A 
similar technique was used to synthesize 
polypyrrole films containing Pt [184] with 
the use of PtCh 2 ^ as a dopant and polyani- 
line films containing Pt [208] and Au [207]. 
Since Ru0 2 works as an efficient electro- 
catalyst for evolving oxygen from aqueous 
solution, Ru0 2 -immobilized polypyrrole 
film coated on n-type GaP electrodes 
worked well for photo-assisted oxidation 
of water to evolve oxygen [185]. The im- 
mobilized Pt or Au in the conducting 
polymers worked well as the electrocata- 
lyst for 0 2 reduction [183] and oxidation of 
methanol [184]. 

Immobilization of a large amount of ox- 
ide particles in the conducting polymer 
was successfully achieved using a differ- 
ent approach. Oxides having isoelectric 
point (isp) smaller than ca. 6 such as Si0 2 , 
WO3, and Sn0 2 obey negative charges in 
aqueous neutral solutions, in which ox- 
idative polymerization of pyrrole can be 
performed. Thus, the anodic oxidation of 
pyrrole in aqueous suspensions containing 
one of these oxides results in polypyrrole 
films containing the oxide particles [209]. 


Oxide content as large as 80 wt% was 
achieved for the electrochemical immobi- 
lization of WO3 , and then the prepared ma- 
terials were regarded as composites, which 
showed electrochromism due both to WO 3 
and polypyrrole and behaved as photosen- 
sitive electrodes due to the WO3 [186]. 
Composite formation using metallic ox- 
ide particles whose isp is greater than ca. 
6 was also accomplished with the assis- 
tance of electrolyte anions that specifically 
adsorb on the suspended oxide particles. 
Composites consisting of polypyrrole and 
Ti0 2 were prepared electrochemically us- 
ing iodide ions as the specifically adsorbing 
ions [196], and chloride ions were used 
in the preparation of polyaniline-Ti0 2 
composites [199-201], polyaniline-WC>3 
composites [203], and polyaniline-CdS 
composites [205]. Composite films con- 
sisting of polyaniline and either Ti0 2 or 
WO3 were found to be useful for erasable 
recording of photo-images of high resolu- 
tion [199, 200, 203] (see Chapter 23 in Vol- 
ume 6). The same synthesis principle was 
also applied to electrochemical synthesis 
of d-Mn0 2 -polypyrrole and lithiated man- 
ganese oxide-polypyrrole [190, 191], and 
V 2 05 -polyaniline composites [202] using 
chloride ions as the specifically adsorb- 
ing ions. 

Besides electrochemical synthesis, che- 
mical synthesis of /1-Mn0 2 -polypyrrole 
and LiMn 2 04 -polypyrrole composites was 
achieved using acidic pyrrole solutions 
containing the suspended manganese ox- 
ides as the oxidizing agent [192, 195]. 
The content of the oxide in the com- 
posites is usually varied more or less 
by changing the amount of oxide in the 
polymerization bath, as shown in Fig. 2 
for the cases of chemically synthesized 
/J-Mn0 2 -polypyrrole and LiMn 2 04-poly- 
pyrrole composites [192]. The conducting 
polymers containing /3-Mn0 2 , LiMn 2 C>4, 
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Fig. 2 Plots of the amount of MnC >2 in polypyrrole/LiMruC^ (a) and 
polypyrrole//!-Mn 02 (b) composites as a function of that suspended in the 
polymerization bath containing 0.1 mol dm ~ 3 pyrrole and 1 mol dm ~ 3 HCIO 4 . 
The reaction time was 20 min. 


or V2O5 described here were useful as the 
positive electrode materials for recharge- 
able lithium batteries. It is well known that 
these oxides serve as the cathode materi- 
als. The role of the conducting polymers 
of the composites is to work both as the 
conducting network for the immobilized 
oxides and as the cathode active materi- 
als. Composites of polypyrrole and SiC>2 
were prepared by using a slightly different 
electrochemical polymerization technique 
of using a nonaqueous solution contain- 
ing pyrrole andsilanol [198]. Neucleophilic 
attack of silanol to pyrrole produces silanol- 
derivatized pyrrole, which is polymer- 
ized to give silanol-derivatized polypyrrole. 
Heat-treatment of the material results in 


dehydration of the silanol group to give 
composites consisting of SiC>2 and polypyr- 
role, which were used as a hole transport 
layer in a poly(fV-vinylcarbazol) electrolu- 
minescence device. 

4.4 

Conducting Polymers Having Specific 
Morphology 

The redox reaction of the conducting poly- 
mers is usually accompanied by insertion 
of electrolyte anions and elimination of 
the inserted anions. Then, the rate of the 
redox reaction is mostly controlled by dif- 
fusion of the anions in the polymer films, 
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the situation being more marked for the 
thicker polymer films. The enhancement 
of the redox reaction was made by making 
the conducting film porous. One strategy 
chosen for that purpose was to deposit 
polypyrrole on the electrode substrates cov- 
ered with porous nitrile butadiene rubber 
(NBR), followed by dissolving the NBR, 
giving a porous polypyrrole film formed 
on the electrode substrate [210, 211]. 

Other strategies employed were to 
use template synthesis, which has been 
widely used to prepare a variety of regu- 
lated nanostructured materials [212-215]. 
Commercially available polycarbonate and 
alumina membranes have plenty of well- 
organized nanopores of thickness equal 
to that of the membranes. Synthesis of 
polypyrrole on polycarbonate or alumina 
membrane -covered electrodes, followed 
by dissolution of the membranes re- 
sulted in polypyrrole nanotubules of a 
high surface density on the electrode sub- 
strates [216-218]. 
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5.1 

Microporous Inorganic Molecular Materials 

Mary Elizabeth Williams, Joseph T. Hupp 
Northwestern University, Evanston, IL 60208, 
USA 

5 . 1.1 

Introduction to Microporous Inorganic 
Molecular Materials 

An enormous number of cavity-containing 
inorganic molecular squares [1-4], trian- 
gles [2d, 3, 4d], rectangles [5, 6], and related 
macrocycles featuring metal atom corners 
and cis-coordinated difunctional ligand 
edges haves been synthesized over the 
past 10 years. The available cavity sizes 
(i.e., minimum van der Waals cavity diam- 
eters) range from ca 0.5 to 3.4 nm [1, 2[. 
It has been suggested, and in a number 
of cases experimentally demonstrated [la, 
2e, 4a-c, 7], that the frameworks and cav- 
ities can be used as hosts for recognition 
and binding of small molecular guests, 
typically in solution environments. The 
binding chemistry, in turn, could provide a 
basis for chemical sensing, chemical catal- 
ysis, phase-transfer catalysis, or other po- 
tentially technologically useful processes. 

One of the most striking structural 
features of the inorganic macrocycles in 
solid-state environments is their almost 


universal tendency to crystallize with 
cavities aligned to create extended one- 
dimensional channels or tubule struc- 
tures; one example is shown in Fig. 1. 
These, in turn, are aligned to create semi- 
infinite, two-dimensional arrays of chan- 
nels; see Fig. 1. Given the structures, one 
might envision applications that employ 
the materials as electrode coating or mod- 
ifying layers - for example, applications 
entailing molecular sieving, catalyst sup- 
port, or selective electrochemical sensing. 
Particularly useful would be the subset of 
compounds featuring neutral macrocycles, 
such that charge-compensating counteri- 
ons are absent and the channels created 
in the solid state are accessible to other 
molecules. Charge neutrality also imparts 
other desirable features such as hydropho- 
bicity, which we find renders films insolu- 
ble in water and enhances the binding of 
certain molecular guests. 

Several of the thin-film molecular ma- 
terials prepared from neutral inorganic 
macrocycles have proved to be exception- 
ally microporous. (Recall that in catalytic 
and materials chemistry, “microporous” 
connotes porosity on the nanometer rather 
than micrometer scale.) A molecular ma- 
terials approach should yield uniform 
pore sizes corresponding precisely to the 
sizes of the isolated molecular cavities. 
In addition, every macrocyclic molecule 
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comprising a thin film should, in principle, 
contribute to the porosity. Most of the 
available materials also feature exceptional 
void volumes - in a few cases greater than 
70% of the total volume can be assigned 
as void volume. They also typically feature 
moderately high internal surface areas. For 
the compound in Fig. 1, for example, the 
internal surface area is ca 40 m 2 g _1 [7]. 

In the sections that follow, we briefly 
describe further the materials design 
approach followed in our own work. 
We also outline the electrochemical 


characterization methods used. We then 
describe the guest transport, size, ex- 
clusion/inclusion, and shape recognition 
properties of first- and second-generation 
microporous inorganic molecular materi- 
als employed as thin films on electrode 
surfaces. 

5.1.2 

Materials Design and Synthesis 

With one exception, all the microporous 
inorganic molecular materials used as 



Fig. 1 Space-filled representation of the 
single-crystal X-ray structure of 
compound 2. (a) Top view of four 
channels and (b) side view of a single 
channel. In the side view, the chloro and 
carbonyl ligands surrounding the corner 
Re atoms have been omitted for clarity; 
in both views the hydrogens on the 
bipyridine ligands have been omitted. 



electrode coatings to date have employed 
macrocyclic coordination compounds of 
rhenium(I) as building blocks [lb-d, 
5c, 7]. The low oxidation state ensures that 
coordination of just one anionic ligand 
per metal center or one dianionic ligand 
per pair of centers will yield the desired 
neutral compounds, and eliminate the is- 
sue of counterions. For the synthesis of 
tetrametallic molecular squares for thin- 
film studies, we have exclusively employed 
Re(CO) 5 Cl as a synthon. In the presence 
of coordinating ligands, L, a classic trans 
carbonyl-ligand labilization effect, leads 
exclusively to cis-coordinated compounds 
or fragments, Re(CO) 3 Cl(L) 2 , where the 
remaining carbonyls are arranged in a fa- 
cial configuration. As illustrated in Sch. 1, 
if L is a rigid or semirigid difunctional 
ligand, the L to Re(CO) 5 Cl stoichiom- 
etry is one to one. The synthesis is 
carried out in an appropriate, weak coor- 
dinating solvent, and tetrametallic squares 
are obtained in high purity and essen- 
tially quantitative yield via a process that 
can legitimately be termed covalent self- 
assembly. The structures that have been 
prepared in our lab are shown in Fig. 2 
(Interestingly, under slightly modified con- 
ditions, triangles rather than squares are 
obtained [2d]. To date, however, no thin- 
film studies of molecular triangles have 
been reported.) 
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The preparation of topologically more 
complex unit structures such as rectan- 
gles [5] and prisms [8] generally requires 
multiple synthetic steps. While not overly 
difficult, we omit the syntheses from the 
discussion here, and instead refer inter- 
ested readers to the primary literature. 
These structures are particularly interest- 
ing because, in addition to size selection, 
they open up the possibility for primitive 
shape selection in film-based molecular 
guest transport and binding studies. It 
seems likely that many additional unit 
structures will eventually be designed and 
developed for thin-film materials stud- 
ies. (Indeed, several structures of higher 
complexity have already been reported for 
molecules intended primarily for solution- 
phase studies [2, 4a-c]). 

The available compounds are character- 
ized by insolubility in nonpolar organic 
solvents and, as noted above, aqueous so- 
lutions. Significant solubility is achievable, 
however, in many polar organic solvents 
and solvent mixtures. If comparatively 
high volatility solvents are used, films can 
be prepared by spin casting, simple evapo- 
rative casting, or a hybrid protocol involv- 
ing slow rotation of an inverted electrode 
topped with a small amount of compound- 
containing solution. Typically, newly cast 
films are subjected to several hours of addi- 
tional drying, sometimes in vacuum, prior 
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Scheme 1 General synthetic scheme for rhenium-based molecular squares. 
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Fig. 2 Structures of molecules comprising various inorganic nanostructured materials (1) 
[Re (CO) 3 Cl (pyrazine)] 4 ; (2) [Re(CO) 3 Cl ( 4 , 4 ’-bipyridine)] 4 ; (3) 

[Re (CO) 3 Cl (1 , 2 -bis( 4 -pyridyl)ethylene)] 4 ; (4) [Re (CO) 3 CI( 1 ,4-phenyl-bis (picoli nate))] 4 ; (5) 

[Re (CO) 3 Cl (3, 7,1 3,1 7-tetramethyl-2,8,l 2,18-tetra(n-butyl)-5,l 5 -(4-pyridyl) Zn(ll) porphyrin)],*; 
(6) [Re (CO) 3 CI( 5 ,l 5- (4-ethylnyl pyridyl) Zn (II) porphyrin)],*; (7) 

](M (CO) 3 CI )2 (4,4’-bipyridine) (bisbenzimidolate) 2 . 



to use. Depending on the compound, rel- 
atively pinhole-free films can be prepared 
with thicknesses corresponding to as few 
as 40 monolayer equivalents. Preliminary 
atomic force and light microscopy stud- 
ies reveal a range of microscopic film 
morphologies [5, 9]. Some films appear 
to be composed of close-packed micro- 
crystallites; others are evidently composed 
of thin, but continuous, amorphous or 
possibly nanocrystalline, underlayers, and 
sporadic microcrystalline overlayers. 

5.1.3 

Transport Models and Electrochemical 
Characterization Methods 

A physical model for film transport that 
accommodates the available experimental 
observations is a conventional film per- 
meation model [10]. Candidate permeant 
molecules partition into a film from solu- 
tion via an equilibrium process and then 
diffuse through the film to the electrode 
surface where they undergo oxidation or 
reduction. The redox product molecules 
then diffuse to the film/solution boundary 
and exit the film via a reverse partition- 
ing step that, again, is sufficiently rapid 
to occur at equilibrium. Faradaic electro- 
chemical techniques are especially pow- 
erful for interrogating such processes - in 
part because they require permeants to tra- 
verse films essentially completely in order 
for signals to be observed. (Recall that in- 
terfacial electron transfer can occur with 
reasonable efficiency only over distances of 
ca 10, or perhaps 20, A. Depending on the 
compound, these distances correspond to 
one or two film monolayers.) 

According to the permeation model, 
the driving forces for transport are 
phase partitioning and reactant or product 
concentration gradients. Electrochemical 
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migration is neglected. Again, Faradaic 
electrochemical techniques are especially 
useful: controlled-potential experiments 
permit the interfacial concentrations of re- 
actants and products to be manipulated 
in accord with the Nernst equation. For 
film and electrode geometries employed 
thus far, the resulting concentration gra- 
dients have been sufficiently simple to be 
described adequately by one-dimensional 
versions of Fick’s laws of diffusion. 

Cyclic voltammetry has been the method 
of choice for screening microporous inor- 
ganic molecular materials for permeability 
by solution-phase molecules. When per- 
meant passage through a film is rapid 
in comparison to solution-phase trans- 
port, voltammograms are unchanged by 
the presence of a film. When permeant 
passage through a film is significantly 
rate limiting, however, voltammetric cur- 
rents are attenuated and voltammo- 
gram shapes are distorted, ultimately 
resembling sigmoidal microelectrode-like 
voltammograms. 

While the voltammograms can be 
quantitatively analyzed to yield perme- 
ant transport parameters - for example, 
via numerical simulations - we have in- 
stead utilized rotating disk electrode (RDE) 
voltammetry for this purpose. Sequential 
solution and film transport problems are 
generally well described by a variant of the 
Koutecky-Levich analysis [11]. This analy- 
sis represents the series process kinetically 
as a reciprocal sum of pure solution-phase 
convection/diffusion (cd) and pure film 
permeation (p) rates or fluxes. Since de- 
tection is electrochemical, the fluxes can 
be written in terms of currents, where 
/|j m is the observed overall, mass-transport 
limited, current [12]: 
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The equation can be expanded as [12]: 

= [0.602«TAD s 2/3 ® 1/2 i;“ 1/6 C s ] _1 
+ [riFAPD { C s /d ] _1 (2) 

where n is the number of electrons trans- 
ferred during oxidation (or reduction); F is 
the Faraday constant; A and co are the area 
of the electrode and its angular frequency 
of rotation, respectively; v is the solvent 
kinematic viscosity; C s , Df, and D s are the 
redox species’ solution concentration, and 
film and solution diffusion coefficients, 
respectively; P is the solute partition coef- 
ficient; and d the thickness of the film. 

The virtue of Eq. (2) and the RDE 
method is that they permit the rate of 
solution-phase convection/diffusion to be 
systematically modulated via changes in 
rotation rate, thereby permitting the per- 
meation rate or flux to be determined. If 
the film thickness is known or can be 
determined, the experiment yields the per- 
meability (P Of) of the reactant. 

A third technique employed in film 
transport studies is scanning electrochem- 
ical microscopy (SECM) [13]. As noted 
in Sect. 5.1.8, SECM is capable of yield- 
ing quantitative transport information for 
molecules interacting with single micro- 
crystallites of microporous inorganic ma- 
terials. We have shown elsewhere [14] that 
for the case of an SECM tip held above a 
film-covered substrate under positive feed- 
back, the limiting SECM tip current, if, 
normalized to current obtained at identi- 
cal tip height above a bare substrate (i), is 
given by: 

i/if = 1 + (4 D s d/nrPDf) (3) 

where r is the radius of the SECM tip 
Eq. (3) is approximate, not exact, and is 
applicable in the case where if is small in 
comparison to i [14]. 


Finally, an electrochemical methodology 
that is just beginning to be utilized with 
thin-film microporous inorganic molecu- 
lar materials, but could prove especially 
effective for evaluating the transport of 
redox-silent ions, is impedance spec- 
troscopy. 

5 . 1.4 

Size-selective Transport of Redox-active 
Species through Thin Films of Molecular 
Squares 

The structure in Fig. 1 and related crys- 
tal structures for other molecular squares 
suggest that thin films of these materials 
can function as molecular sieves, where 
the size or sieving cutoff, c, is defined by 
the size of the cavity within an isolated 
square. Using, for example, compounds 
1-5 one could envision a hierarchy of 
transport versus exclusion of guests of 
widely varying size, where the presence 
or absence of an electrochemical response 
from the redox-active guests at an under- 
lying electrode would be used to gauge a 
film’s performance. Experiments of this 
kind have, in fact, been reported [15]. 
(Compound 6 has not yet been exam- 
ined as a microporous thin-film material.) 
The probe ions (redox-active permeants) 
ranged in diameter from roughly 3 A (io- 
dide ion) to 24 A (Fe[(SC>3-phenyl)2(l,10- 
phenanthroline)] 3 4 ~), and are shown in 
Fig. 3. Representative results (cyclic and 
RDE voltammetry measurements in aque- 
ous solutions) using thin films of 1, 2, 
and 5 , and appropriate pairs of candidate 
permeants, are shown in panels A and B 
of Fig. 4. In each case, exclusion of the 
larger permeant is indicated. Table 1 sum- 
marizes size-cutoff data for thin films of 
1-5 based on a broader set of potential 
permeants. 



Application of the more quantitative 
treatment embodied in Eqs. (1) and (2) 
provides a means for assessing abso- 
lute permeabilities, PD{. Note that these 
equations predict that the permeant flux, 
as measured by the quantity ip, will 
decrease with increasing film thickness. 
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Figure 5 shows the outcome of a series 
of film thickness experiments: ; p indeed 
does scale as 1/d, suggesting that the 
simple permeation model outlined in 
Sect. 5.1.3 is an appropriate description 
of the transport process. For the perme- 
ant concentrations used, it is believed 



Fig. 3 Structures and average molecular diameters of redox probes used in voltammetric 
sieving studies. 
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d = 4.5 A d= 5.5 A d=6A d=6.3A 



Fig. 3 ( Continued ). 


that complications due to single-file by Fe(CN) 6 4_ , and 4 x 10 -8 cm 2 sec -1 
diffusion or Dahms-Rufftype [16] electron- for permeation of thin films of 5 
exchange enhancement of apparent elec- by Fe(bipyridine) 3 2+ [15]. Notably, these 
trochemical fluxes are absent. Representa- values are roughly one to one and one-half 
tive PDf values are 9 x 10 -9 cm 2 sec -1 orders of magnitude larger than typically 
for permeation of thin films of 2 observed for permeation of amorphous 
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Fig. 4 Rotating disk electrochemistry of (a) a bare electrode ( ) and one 

modified with a thin film of 2 ( ) in 1 M aqueous KNO 3 containing 5.2 mM 

Ru(NH 3 ) 5 (picoline) 2+ and 5.0 mM Fe (bphen(SC> 3 ) 2 ) 3 4 ~; (b) bare electrode 

( ) and one modified with a thin film of 1 ( ) in aqueous solution of 

5.9 mM Ru(NH 3 ) 5 (picoline) 2+ and 4.5 mM I - . In both A and B, the electrode is a 
3-mm-diameter glassy carbon disk electrode, the potential scan rate is 10 mV/s 
and the rotation rate is 500 rpm. 
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Tab. 1 Size-selective molecular sieving of 
squares 


Thin-film 

material 

Cavity 
dimensions 3 

[A] 

Size 

cutoff [A] 

1 

4x4 

3 < c < 7 b 

2 

8x8 

7 < c < 11 

3 

12x12 

11 < c < 24 

5 

18x18 

1 6 < c < 24 

8 

8x18 

4.5 < c < 11 

9 

3.5 x 3.5 

3 < c < 7 


Estimated minimum van der Waals dimensions 
of the internal cavity. 
b Determined from data in Sect. 5.1 .6. 


metallopolymers featuring similar size 
cutoffs [17]. The enhanced transport en- 
countered here is ascribed to the presence 
of ordered one-dimensional channels. 

5.1.5 

Size-selective Transport of Redox-active 
Species through Thin Films of Porphyrinic 
Molecular Squares Featuring Adjustable 
Cavity Sizes and Tailored Channel Interiors 

As an alternative to the synthesis of 
a new macrocyclic building block for 
each new molecular sieving experiment 



(1/d) x 10 4 
[A- 1 ] 


or other application, existing macrocycles 
and thin films can be intentionally func- 
tionalized so as to impart desired size, 
shape, chirality, charge, chemical affinity, 
catalytic reactivity, and other properties 
to cavities and channels. Axial ligation 
of metal ions found in the faces of por- 
phyrins comprising molecular squares is 
one method for functionalizing cavities 
and channels; see Fig. 6. While any of 
several metal ions could, in principle, be 
employed, published work to date has been 
limited to zinc-containing porphyrins. 
In tetrapyrrolic environments, Zn(II) is 
well known to bind imine, amine, phos- 
phine, and other ligands in a fifth - but 
not sixth - coordination site. Furthermore, 
work by Sanders and coworkers on ligand 
binding by Zn(II)-containing porphyrinic 
macrocycles [18] indicates a strong prefer- 
ence for interior versus exterior binding. 
Close-packed squares confined to thin- 
film environments would, of course, be 
expected to bind ligands only within cavi- 
ties. 

While only a few have been examined 
with respect to their effects upon molecu- 
lar transport through thin films, binding of 
a fairly large number of ligands has been 
demonstrated for porphyrinic squares; 


Fig. 5 Plot ofthe permeation current 
versus inverse film thickness, obtained 
at a glassy carbon electrode with: (o) a 
film of 2 in a solution of 
Ru(NH)3 (pyridine) 2+ ; (•) a film of 
Re(CO)3CI(4-phenylpyridine)2 “corner” 
in a solution of Ru(NH )3 (pyridine) 2+ . 




Fig. 6 Space-filled diagrams of molecular square 5, showing one-, two-, three-, and 
four-point binding (middle row, clockwise from left). Structures 8 and 9 show axial 
ligation of (3,7,1 3,1 7-tetramethyl-2, 8, 12,1 8-tetra (/n-butyl)-5,l 5- (4-pyridyl) ) Zn (II) 
porphyrin and (5,1 0,1 5,20- (4-pyridyl)) Zn (II) porphyrin, respectively. 

see Figs. 7 and 8. Notably, the collec- abilities. One of the more useful findings 
tion includes chiral ligands, a catalytically is that many ligands have higher affinities 
active ligand, luminescent ligands, andlig- for, and display more permanent binding 
ands with selective metal-ion sequestering to, metalloporphyrins in mesoporous thin 
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Fig. 7 Structures of ligands used to functionalize molecular square 5. 


films than metalloporphyrins in aqueous 
solution environments [7]. The available 
data suggest that the binding enhance- 
ment originates from the hydrophobicity 
of the film channels. 


As illustrated in Fig. 6, one-point 
(multiple ligands), two-point, three-point, 
and four-point binding motifs are 
possible. Two- and four-point binding 
of pyridine-functionalized porphyrins 
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Fig. 8 More structures of ligands used to functionalize molecular square 5. 


(8 and 9, respectively) have been exploited 
in studies aimed at modifying the 
steric demands imposed by thin films 
upon candidate permeants [15]. The 
voltammetry measurements shown in 
Fig. 9 demonstrate that in thin-film 


transport studies, cavity functionalization 
can change the molecular size cutoff 
in a predictable fashion. In principle, 
other modifications could be introduced 
to effect shape-selective or perhaps even 
enantioselective molecular transport. 
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Fig. 9 ( Continued ). 


Scheme 2 Depiction of 
size-selective permeation 
through a mesoporous thin film. 



electrode 

• redox-active anion 


o small cation 


0 large cation 


Other modifiers, including combina- 
tions of one- and two-point binders, have 
been used in selective catalysis and chemi- 
cal sensing studies [19]. While these are be- 
yond the scope of the chapter here, they do 
suggest that an enormous variety of films 
for specialized electrochemical and molec- 
ular transport applications may eventu- 
ally be developed using the postsynthetic 
chemical functionalization approach. 

5.1.6 

Size-selective Transport of Redox-inactive 
Species through Thin Films of Molecular 
Squares 

How can the transport of redox- 
silent species be investigated? Can 


it be done electrochemically? One 
approach - mentioned above, but not 
yet tested experimentally for thin- 
film microporous inorganic molecular 
materials - might be electrochemical 
impedance spectroscopy. Another would 
be to pair the targeted redox-inactive 
ion with a small redox-active counterion, 
that is, small enough to enter a film’s 
cavities or channels. As shown in 
Scheme 2, advantage could then be taken 
of Coulomb’s law, such that the small 
redox-active counterion could significantly 
permeate a neutral, microporous film 
only if the targeted ion could likewise 
meet the steric demands for entry created 
by the film’s nanostructure. Successful 
permeation by the targeted ion would 
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Fig. 10 Ratio of currents 
obtained at a glassy carbon 
electrode modified with a thin 
film of 1 (/fl| m ) versus a bare 
electrode (/bare). f° r aqueous 
solutions of I - with various 
cations. 


be signaled by a Faradaic electrochemical 
response from the counterion at the 
underlying electrode. Steric exclusion of 
the targeted ion, on the other hand, would 
be indicated by the absence of a Faradaic 
signal from the reporter ion. 

Transport of small redox-inactive cations 
and blockage of larger redox-inactive 
cations by thin films of the pyrazine- 
bridged molecular square, 1, has been 
demonstrated using this approach [15]. 
The reporter ion in each case was iodide. 
As illustrated in Fig. 10, the experiments, 
while not perfect, do reveal size-selective 
exclusion behavior by films of 1. The small 
residual responses from iodide salts of 
cations too large to pass through the cavity 
defined by the pyrazine-bridged molecular 
square have been attributed to pinhole 
defects in the films. 

Another approach, not involving elec- 
trochemical measurements, is to con- 
figure thin films as supported mem- 
branes separating solutions of candidate 
permeant molecules from ones lacking 
such molecules. If the candidate per- 
meants are strong UV or visible-region 
chromophores, their passage through a 
membrane can be detected optically in 
the receiving solution [20]. This approach 


has been used successfully to show that 
thin-film membranes of 1 are permeable 
to phenol but blocking toward Fe(l,10- 
phenanthroline) 3 2+ , a substantially larger 
molecule [21]. Similarly, thin-film mem- 
brane studies based on the porphyrinic 
molecular square, 5, show that the mem- 
brane is permeable to small and inter- 
mediate sized molecules, but blocking 
toward the large molecular anion, Fe[(SC> 3 - 
phenyl) 2 (phen)] 3 4- (d = 24A; see Fig. 3 
for molecular structure) [21]. While these 
species are electroactive, the approach 
obviously could be applied to candidate 
permeants that lack electroactivity. 

5.1.7 

Shape-selective Transport of Redox-active 
Species through Thin Films of Molecular 
Rectangles 

Discrimination on the basis of permeant 
size represents a relatively primitive ap- 
proach to engendering selective responses 
from thin-film coated electrodes or more 
generally achieving selective chemical 
transport. A more sophisticated mode of 
discrimination would be permeant shape, 
in combination with permeant size. One 
approach, not yet seriously explored, would 




Fig. n Space-filled diagram of the top 
view of a single layer of 7b based on its 
X-ray crystal structure, showing the 
similarly sized interstitial and 
intermolecular cavities. 

be cavity modification, as described above. 
Another would be to construct appropri- 
ate macrocycles with shapes other than 
squares and to use these as building blocks 
for microporous thin-film molecular ma- 
terials. Compounds 7a and b are two of 
several members of a family of neutral, 
tetrametallic molecular rectangles. The av- 
erage dimensions of the rectangles (length 
and width) as defined by the positions 
of the metal-ion comers are 11.2 and 
5.5 A [5]. The van der Waals cavity size, 
of course, is smaller. Infact it is too small 
for guests to pass through. Interestingly, 
X-ray crystallographic studies show that 
the rectangles are capable of packing in 
a fashion that yields one interstitial cavity 
for each intramolecular cavity. As shown in 
Fig. 11, the interstitial cavities are slightly 
larger than the intramolecular cavities, but 
are also roughly rectangular in shape. 

Electrochemical studies using thin films 
of 7a and b show that they function 
effectively as size- and shape-selective 
molecular transport layers. As illustrated 
in Table 2, the films are permeable to 
small molecules and to larger molecules 
featuring comparatively flat structures, 
but blocking toward those possessing 
incompatible sizes and shapes [11]. 

5.1.8 

Permeation through Single Microcrystallites 
of Molecular Rectangles 

Standard methods for assessing perme- 
abilities, PD{, yield ensemble average 
values, reflecting an average film thickness 
and implicitly ascribing to the film a uni- 
form permeability. For microcrystalline 
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films, however, significant differences in 
transport rates might be expected as a 
function of local thickness and crystallite 
orientation. The dependence on orienta- 
tion could be spectacular for structurally 
anisotropic molecular materials. Differ- 
ences in transport efficiency might also be 
expected for amorphous versus crystalline 
versus semicrystalline thin-film domains. 

The miniaturization inherent to 
SECM [13] makes it an excellent technique 
for characterizing transport in a spatially 
resolved or localized fashion. Figure 12, 
an atomic force microscopy (AFM) image, 
shows an initial target material: a thin film 
of 7a composed of branched, bladelike 
crystalline domains and a continuous 
amorphous layer. The blade widths are 
ca 20 pm, the lengths are as great as 
1 mm, and the heights are typically 
75-110 nm. As noted in Sect. 5.1.3, SECM 
can be employed in positive feedback 
mode to obtain quantitative measures of 
P Df for redox-active permeant molecules. 
Furthermore, given the microcrystallite 
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Tab. 2 Redox probe dimensions and permeabilities in thin films of 7a 



Redox probes 

Probe dimensions [A] 

Permeable 

FcMeOH 

4.5 x 4.5 x 4.5 


Ru(NH 3 ) 6 3 + 

5.5 x 5.5 x 5.5 


Fe(CN) 6 4 - 

6x6x6 


Benzoquinone 

3x5x8 


Ru(NH 3)4(1 ,10-phenanthroline) 2+ 

5.5 x 8 x 10 


Ethylviologen 2+ 

3x5x14 


Ni 2 TIED 4+a 

4x8x16 


Anthraquinone(S0 3 Na) 1-b 

3x6x11 

Excluded 

Ru(NH 3 )2(l ,10-phenanthroline)2 2+ 

8x10x13 


Co(phenanthroline) 3 2+ 

13x13x13 


a Dinickel (I I) (1 ,1 ’-enebicyclo-3,6,1 0,1 3-tetraazatetradeca-2,l 3-dienylidene) perchlorate. 
tl Anthraquinone-2-sulfonic acid sodium salt monohydrate. 


dimensions, even comparatively large 
SECM tips (e.g., a few microns in 
diameter) can be employed effectively in 
spatially resolved studies. 

Figure 13 illustrates how both qualita- 
tive and quantitative transport information 
can be derived from SECM measurements. 
Shown in Fig. 13(a) and (b) are the SECM 
responses of a coated electrode (thin film 
of 7a) to solutions of Ru(NH 3 ) 6 3+ and 
Fe ( 1 , 1 0-phenanthroline) 3 2+ , respectively. 
The latter is too large to pass through either 
interstitial or intramolecular cavities. Con- 
sistent with this idea, the corresponding 
SECM image is structureless - implying 


uniform exclusion of the candidate 
permeant. In contrast, a fairly highly 
structured SECM image is obtained in 
solutions of the smaller permeant. The 
spatial variations in SECM feedback cur- 
rent density are interpreted in terms of film 
thickness variations, with the narrow, low 
current density features corresponding 
to transport through single microcrystal- 
lites. Recall that the thicker the film, 
the lower the flux under standard film 
permeation conditions (cf. Eq. 3). In any 
case, combining AFM estimates of micro- 
crystallite thickness with SECM measure- 
ments of flux yields single-microcrystallite 


500 nm 



Fig. 12 Atomic force 
microscopy of single crystals of 
7a on indium tinoxide (ITO) 
covered glass. 







(b) 

PDf values of 2.0 x 10 -9 and 6.8 x 
10~ 9 cm 2 sec -1 for the representative per- 
meants, Fe(CN)6 4 ~ and Ru(NH 3 ) 6 3+ , re- 
spectively [9]. These values are signifi- 
cantly smaller than measured for transport 
of the same molecules through thin films 
composed of molecular squares [15]. The 
differences are ascribed to the absence of 
channels within the films composed of 
molecular rectangles. (In contrast, ma- 
terials composed of molecular squares 
generally feature arrays of semi-infinite 
one-dimensional channels; cf. Fig. 1.) In- 
deed, an extended view of the packing 
diagram shown in part in Fig. 11 reveals 
that successive layers of rectangles are po- 
sitioned such that molecules strategically 
block the areas immediately above and be- 
low each cavity, albeit not to the extent that 
permeation becomes impossible. It will 
be interesting to extend this approach to 
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Fig. 13 Scanning electrochemical 
microscopy images of the sample (over 
a different area) from Fig. 12 using the 
redox mediators (a) Ru(NH 3 )e 3+ 

(f tip = 0V; E,to = -0.35 V); 

(b) Fe(phenanthroline) 3 3+ (E t i p = 0 V; 

Eito = +1 .0 V). In each instance, the 
sample was scanned at identical tip 
height and a scan rate of 10 |im sec -1 . 

anisotropic channel-containing molecular 
materials. 
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5 . 2.1 

Introduction 

The room temperature, liquid-phase re- 
action of the sol-gel process lends itself 
very well to synthesizing modified elec- 
trodes. Sol-gel chemistry enables one to 
synthesize a wide range of oxides, includ- 
ing transition metal oxides, to incorporate 
organic and inorganic dopants within the 
oxide and to prepare the material with con- 
trollable pore size and surface area. Over 
the last 15 years, sol-gel has emerged as 
one of the most versatile electrode prepa- 
ration methods because of its ability to 
modify both the surface and the bulk of 
the electrode film. 

Materials made through the sol-gel pro- 
cess have found applications in lasers, 
optical fibers, solid electrolytes, and many 
types of coatings [1-3]. In the early 1990s, 
it was shown that enzymes and other 
proteins encapsulated in a sol-gel silica 
matrix retained the chemical and biological 
function of the biomolecule and improved 
thermal stability [4, 5]. This discovery 
spurred considerable activity and led to the 
commercialization of sol-gel electrodes 
for biosensing applications. Other sol-gel 
electrode applications include electrodes 
for fuel cells and electrochromic devices, 
and amperometric sensors for analytes in 
the gas phase [6, 7]. Another potentially 
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important advance in the field is the devel- 
opment of an ink-jet printing technique for 
depositing the sol-gel electrodes [8]. This 
can be the technology needed to make 
sol-gel a true mass production method 
for electrodes and other devices. 

Sol-gel processing is a room tem- 
perature synthesis method that involves 
the reaction of liquid chemical precur- 
sors to form inorganic ceramic and 
glass materials [9]. The sol-gel process 
is important in that it provides a low 
temperature alternative for the synthe- 
sis of oxides. This process offers a 
different approach to the conventional 
high-temperature preparation of transi- 
tion metal oxides. It also presents several 
advantages over other electrode prepara- 
tion methods. One significant advantage 
is the ability to obtain homogeneous 
multicomponent systems. These multi- 
component systems can be metal/metal 
oxide or organic molecule/metal oxide. A 
homogeneous distribution of dopants is 
possible because the liquid precursors of 
the sol-gel process can be easily mixed at 
the nanometer level. In contrast, the grind- 
ing of powders achieves particle mixing at 
micron dimensions. 

A second important advantage is that 
the temperatures required for material 
processing can be lowered noticeably, lead- 
ing to unusual glasses or ceramics [10]. 

This has led to synthesis of metastable, 
or kinetically trapped, phases. Amorphous 
metal oxides have demonstrated unusual 
and often beneficial properties compared 
to their crystalline counterparts. The low 
processing temperature also enables one 
to synthesize oxides containing an extraor- 
dinary range of dopants; the list includes 
organic components, from dye molecules 
to monomers, and biological molecules 
such as enzymes, antibodies, proteins, and 
cells [4, 11, 12], 
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The third advantage is that the sol-gel of the various sol-gel films will also be 
process provides the experimentalist ex- summarized, 
cellent control over the entire synthesis 
process. The resulting gels can be formed 5.2.2 
at room temperature into fibers or films Synthesis of Sol-gel Films 
by a variety of techniques. The sol-gel 

process is especially convenient for the 5. 2. 2.1 Sol-gel Chemistry 
formation of thin films. It has very defi- The chemistry of the sol-gel process 
nite advantages over other film deposition is based on the hydrolysis and conden- 
techniques requiring expensive vacuum sation of molecular precursors [14]. The 
equipment and is especially suitable for sol-gel process derives its name from 
large-scale industrial utilization [13]. The the two fairly distinct physical stages of 
resulting microstructural properties such the precursors. The “sol” is the stage 
as density, porosity, pore size distribution, where the metal-oxygen colloids are sus- 
and so on, can also be well controlled, pended in a liquid (solvent). Once enough 
Moreover, by careful selection of the bridging bonds are formed between the 
precursors, very pure materials can be metal-oxygen clusters, the precursors no 
synthesized. In this way, it is possible longer flow, and the sol becomes a “gel”, 
to synthesize “tailor-made” materials by The gel consists of amorphous primary 
controlling the chemistry of the precur- particles (5-10 nm or smaller) with an in- 
sors, the rate of gelation, the addition of terstitial liquid phase that fills the pore 
catalysts, and the drying method. volume (Fig. 1). The most versatile precur- 

The purpose of this section is to in- sors for making modified electrodes are 
troduce the reader to the chemistry of metal alkoxides, M(OR)„, where the tran- 
sol-gel materials and the electrochemi- sition metal is represented by M, n is the 
cal properties of sol-gel modified elec- valence of the metal, and R is an alkyl 
trode films. Section 5.2.2 reviews sol-gel group such as methyl, ethyl, propyl, and so 
chemistry and the preparation of dif- on. Transition metal alkoxides are versatile 
ferent types of sol-gel derived films, because they are known for almost all tran- 
Electrodes for the many different appli- sition metal elements [15]. AlsotheM— OR 
cations that involve various synthesis and bonds dissociate easily to form M— OH 
modification techniques are discussed in bonds upon hydrolysis. Other commonly 
Sect. 5.2.3. The electrochemical properties used precursors are inorganic salts. 


Metal alkoxide + 
water + solvent 



Fig. 1 Sol-gel synthesis. The sol consists of metal-oxygen colloids 
suspended in a solvent. The gel is an interconnected, rigid network of 
metal/oxygen/hydroxide polymeric chain and solvent filled pores. 



Transition metal oxides are readily pre- 
pared using sol-gel chemistry. Because 
full coordination is usually not satisfied in 
the molecular precursor, there is the abil- 
ity for coordination expansion to occur, 
leading to reactivity toward nucleophilic 
reagents such as water [15]. This makes 
the transition metal alkoxides ideal candi- 
dates for the hydrolysis and condensation 
reactions, which are central to the sol-gel 
process. However, when carried to the 
extreme, this reactivity can also present 
problems such as the formation of precip- 
itates rather than a stable sol. Therefore, 
most transition metal alkoxides must be 
handled with great care, in a dry environ- 
ment, and are often stabilized by chemical 
modification to prevent precipitation upon 
hydrolysis [16]. 

Hydrolysis of the alkoxide occurs when 
water is added and a reactive M— OH 
hydroxo group is generated [14]. 

H 2 0 + M0R >■ MOH + ROH (1) 

This follows a nucleophilic substitution 
mechanism [16]. The rate of reaction will 
depend on the coordination unsaturation 
and oxidation state of the metal atom. 
The higher the unsaturation and lower the 
oxidation state, the faster the substitution 
reaction. Condensation occurs as bridging 
bonds between M and O are formed and 
alcohol and/or water are generated. 

MOH + MOR > M-O-M + ROH 

( 2 ) 

MOH + MOH ^ M-O-M + H 2 0 

(3) 

After a significant amount of hydrolysis 
and condensation has taken place, a three- 
dimensional network of metal and oxygen 
forms within the sol and the viscosity of the 
sol increases. As condensation continues, 
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the sol transforms into a nonfluid gel as 
an interconnected and fairly rigid 3-D 
network extends throughout the entire 
sample container. The resulting wet gel 
is an amorphous, porous metal oxide, with 
an aqueous alcohol phase filling the pore 
volume. 

When the full coordination of the metal 
atom is not satisfied in the alkoxide, 
bridging hydroxo groups can be formed 
in place of bridging oxygen. 

M-OH + M— ROH >• 

M-OH-M + ROH (4) 

M-OH + M-HOH ^ 

M-OH-M + H 2 0 (5) 

Since the coordination for most transi- 
tion metals is not saturated in the alkoxide, 
metal hydroxides can form very quickly. As 
a result, terminal oxygen bonds form, in- 
stead of bridging oxygen bonds, leading to 
precipitation rather than a 3-D network. 

This reaction must be slowed to form 
a transition metal oxide with bridging 
oxygen bonds throughout the structure. 

The fundamental considerations for the 
sol-gel chemistry of transition metal ox- 
ides has been reviewed by Livage et al. [14]. 

Many parameters can be changed during 
the sol-gel process to affect the final gel 
structure. Some of the most important pa- 
rameters are the solvents used, molar ratio 
of water to metal alkoxide, temperature, 
presence and concentration of catalysts, 
and the pH of the sol. These affect the hy- 
drolysis and/or condensation rates which 
in turn, influence the final density, sur- 
face area, degree of polymerization, and 
the interconnected morphology of the fi- 
nal gel. Generally, linear polymers form 
when hydrolysis is fast and condensation 
is slow. The reverse gives rise to bulky, 
large, and highly cross-linked polymers [6]. 
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Furthermore, the connectivity of a dried 
gel can be controlled by the amount of wa- 
ter used for hydrolysis. Films made with 
low water content can be sintered to dense 
crystalline films, whereas those made with 
more water may remain highly porous af- 
ter firing [17]. 

5. 2. 2. 2 Film Formation 

Various types of oxide films with con- 
trolled thickness and microstructure can 
be deposited from the sol by dipping, spin 
coating, or spraying [9], A sol with low 
viscosity is generally desirable to prevent 
cracking and unevenness in film thick- 
ness. Once the film has gelled, the process 
of aging begins. Aging is characterized 
by further polymerization, syneresis and 
evaporation of the solvents, particle coars- 
ening, and phase transformations. In most 
films, aging takes place simultaneously 
with drying and results in film shrinkage. 
Because of the constraints of the sub- 
strate, aging and drying of the film can 
sometimes lead to cracking. This can be 
avoided by controlling film thickness be- 
low a critical value [18, 19]. Most sol-gel 
films remain crack free below 0. 1-0.5 pm 
in thickness [20]. Thicker films can be 
prepared through deposition of multiple 
layers. 

Solvent evaporation and gelation occur 
quickly after film formation because of the 
high surface-to-volume ratio. The quick 
gelation rate minimizes the degree of 
cross-linking, and it is possible to redis- 
solve films even after complete drying [21]. 
One method to increase the strength of the 
film is to age the film in a solvent-saturated 
environment. This delays the drying pro- 
cess until the gel is fully aged and results 
in an overall decrease in surface area and 
an increase in pore size. By separating the 
aging and drying processes, the film will 


have time to fully polymerize (during ag- 
ing) before most of the shrinkage (during 
drying) occurs. 

5 2.2.3 Heat Treatment of Films 

Heat treatments are often performed to 
further consolidate the film. Sintering is a 
densification process that is driven by sur- 
face energy to eliminate the pores within 
the gel [6]. A thorough review and a mathe- 
matical treatment of the sintering process 
for sol-gel films are given by Scherer [20]. 
In general, sol-gel films are rarely sin- 
tered to their fully dense crystalline form. 
This is due to a few factors. First, although 
the substrate provides sites for heteroge- 
neous nucleation, it also constrains the 
film and inhibits shrinkage. Second, grain 
growth retards densification by increasing 
the length of the diffusion path [20]. One 
method used to achieve dense crystalline 
films is to delay crystallization (through 
rapid heating) until the film has achieved 
a desired density [22]. If amorphous films 
are desired, removal of the OH groups 
should be delayed as much as possible 
since there is evidence that the amorphous 
phase is stabilized by the OH groups [23]. 

5 2.2.4 Typical Heat Treatments 

The high concentration of OR groups in 
the sol-gel film can lead to blistering or 
cracking during rapid heating. A low tem- 
perature treatment (~200°C) is generally 
used to remove the water and/or organic 
solvents remaining from the hydrolysis 
and condensation reactions. Structurally 
bound water, H 2 O, leaves the network in 
the range of 250-300°C. Heat treatments 
of 200-300 °C yield amorphous films with 
densities below 1.0 g cm' 3 [24]. Higher 
treatment temperatures (~ 400-800 °C) 
can produce crystallization and densifica- 
tion through sintering. 



5.2.3 

Further Modification of the Sol-gel 
Electrodes 

The oxides prepared by sol-gel methods 
can be modified through manipulation of 
their surface reactivity to alter such fun- 
damental physical properties as surface 
area and density. They can be further 
modified through the incorporation of 
a second oxide, organic molecules, or 
biological molecules to influence their 
electrochemical properties. Sol -gel chem- 
istry can also be easily combined with the 
polymerization of 7 r -conjugated polymers 
such as polypyrrole, polythiophene, and 
polyaniline. The different approaches to 
the incorporation of a second phase are 
through covalent bonding, sol-gel doping, 
impregnation, and intercalation. A very 
thorough review of these processes is given 
by Lev et al. [25]. A few methods used to 
modify sol-gel synthesized film electrodes 
will be discussed in this section. Modifica- 
tions of silica and transition metal-oxide 
surfaces and structure are described in 
Sects 5. 2. 2. 3.1 and 5. 2. 2. 3. 2. The following 
three sections then describe modification 
through the incorporation of a second 
phase. 

5.2.3. T Silica 

Silica gels prepared from silicon alkox- 
ides have been very well characterized 
and the chemical process is well under- 
stood. The sol-gel chemistry of silica has 
been reviewed by Iler [26] and Hench and 
West [27]. The field of silica-modified elec- 
trodes began in the late-1980s and has 
seen exponential growth since the mid- 
1990s [28]. A more recent impetus for this 
growth came from the discovery that sil- 
ica can be used as an efficient support for 
enzymes without inhibiting its biological 
activity [29-31]. Sol-gel derived silica is 
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especially suitable for biosensing applica- 
tions because of its rigidity, porosity, and 
electrochemical inertness. 

Adsorption or precipitation of organic 
compounds onto an electrochemically in- 
ert gel is the traditional method of modify- 
ing a sol-gel electrode. It stands to reason 
that the surface chemistry and surface re- 
activity of the electrode are very important. 

The versatility of a sol-gel derived sil- 
ica lies in the various properties the gel 
can exhibit depending on the synthesis 
conditions. The silica surface consists of 
various types of silanols and siloxanes. The 
silanol groups are considered to be strong 
adsorption sites while the siloxanes are 
usually hydrophobic [32, 33]. The reactiv- 
ity of the silanol groups can be modified 
by deprotonating with ammonia or or- 
ganic amines. Ionization of silanols has 
been shown to enhance the fixation of 
metal cations on silica surfaces [34, 35]. 

By choosing different precursors, sol-gel 
silica can be either hydrophobic (alkyl- 
or phenyl-trialkoxysilanes) or hydrophilic 
(tetraalkoxysilanes). The ability to tailor 
and manipulate specific properties (de- 
gree of hydrophobicity, reactivity of surface 
groups, etc.) has made silicates the sol-gel 
modified electrode matrix of choice. In 
addition, silicates have good adhesion to 
electrode surfaces, favorable abrasion re- 
sistance, and high optical transparency. 
Other inert oxides used for biosensing are 
zirconia and alumina gel films. 

5. 2. 3. 2 Transition Metal Oxides 

Transition metal compounds are generally 
redox-active and are important materials 
for electrochemical processes and cataly- 
sis. A list of transition metal-oxide films 
prepared through the sol-gel method 
is presented in Table 1. One subgroup 
of transition metal oxides (M 0 O 3 , V 2 O 5 , 



Tab. 1 Transition metal-oxide films prepared by the sol-gel method 
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MnC> 2 , etc.) has gained additional at- 
tention in the field of electrochemistry 
because of its ability to intercalate solvated 
lithium and sodium ions, as well as larger 
molecules. These oxides can intercalate 
ions and molecules while the mixed-valent 
transition metal centers allow for electron 
transfer. These properties make transition 
metal-oxides ideal electrode materials for 
applications in electrochromics, secondary 
batteries, and capacitors. Another impor- 
tant subgroup is the n-type semiconductor 
oxides (ZnO, BaTiC> 3 , TiC> 2 , etc.) which 
have found extensive use in photoelectro- 
chemical devices [25]. 

The electrochemical reactivity of the 
transition metal oxides contributes to com- 
plications during sol-gel synthesis. The 
higher electronegativity, combined with 
the transition metal’s ability to exhibit 
several coordination states, results in a 
much higher reactivity toward nucleophilic 
reagents such as water [15]. Therefore, un- 
less reaction rates are carefully controlled, 
precipitates of hydroxides and hydrous ox- 
ides will readily occur upon hydrolysis. 

Reaction rates can be controlled through 
several methods. It has been found that 
the rate of hydrolysis decreases with the 
increasing size of the alkyl groups [57, 58]. 
The larger the alkyl group, the less elec- 
tronegative the metal atom because of 
steric hindrance (shielding of the metal 
atom by the alkyl group). Solvate formation 
(dilution with a chemically inert solvent) is 
another way of expanding the coordination 
and slowing down the hydrolysis rate. This 
approach is used in the synthesis of vana- 
dium pentoxide (V 2 O 5 ) gels. To prevent 
precipitation (by slowing the hydrolysis 
and olation rates), a very small amount of 
water is added, which is diluted in copious 
amounts of acetone [59]. Another method 
is to chemically modify the metal alkoxides 
by using additives. Selected solvents [60], 
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acid and base catalysts [61], and stabilizing 
agents [62, 63] can react with the alkox- 
ide, giving rise to a less reactive molecular 
precursor. Since transition metal oxides 
exhibit several oxidation states, their struc- 
ture is sensitive to the redox state and the 
pH [25], 

5. 2. 3. 3 Type I Composites 

Modification of a one-component system 
was discussed in the previous two subsec- 
tions. The following subsections deal with 
modification of the sol-gel synthesized 
electrode through the addition of a second 
component. The simplest way to form a 
multicomponent system is to introduce a 
second constituent that does not interact 
with the hydrolysis or condensation reac- 
tions of the sol-gel matrix. In other words, 
the inorganic oxide functions as a matrix 
while another inorganic or organic com- 
ponent is somehow incorporated into the 
structure. This is termed a Type I composite, 
where the two phases are linked together 
through relatively weak bonds (hydrogen, 
van der Waals, or ionic bonds) [64]. The 
second phase can be added either before 
or after gelation (this process is generally 
termed impregnation). Biomolecules em- 
bedded in transition metal-oxide gels, as 
discussed in more detail in Sect. 5. 2. 2. 3.4, 
are Type I composites. 

Another example of a Type I compos- 
ite is the carbon-silicate electrode. Car- 
bon-silicate electrodes are porous glass 
networks containing a homogeneous dis- 
tribution of carbon powder and have been 
used in a variety of electrochemical stud- 
ies [25]. Another popular approach for 
developing electronic conduction has in- 
volved the use of conducting polymers. The 
lack of crystallinity in the sol-gel prepared 
oxide films results in a flexible structure 
that allows for easy intercalation or in- 
corporation of both inorganic and organic 
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constituents. Oxides with an inherently 
layered structure (even in the amorphous 
state) lend themselves particularly well 
to this type of processing. Aniline, pyr- 
role, thiophene, and other monomers 
have been chemically polymerized within 
vanadium pentoxide and molybdenum 
trioxide layers [65, 66]. Polypyrrole- and 
polyaniline-silicate films have also been 
prepared by electrochemical polymeriza- 
tion [67-69]. Dispersions of nanocrys- 
talline materials in an amorphous gel can 
also lead to other desirable properties be- 
sides electronic conduction. For example, 
ceria grains in a ceria-titania film are the 
redox-active centers, while the amorphous 
titania enhances lithium mobility toward 
the ceria grains [70]. 

The synthesis of Type I composites is 
similar to that of a single-phase sol-gel 
material. The precursors are the same tran- 
sition metal alkoxides for both pre- and 
postgelation doping. For postgelation dop- 
ing, the synthesis of the oxide is identical 
to the single-phase material. The second 
phase is introduced by a liquid or vapor 
phase impregnation. For pregelation dop- 
ing, the second phase is usually dispersed 
as particulates in the alkoxide sol and the 
gel are formed around the dispersed sec- 
ond phase. Flowever, the second phase 
can also be introduced in a liquid phase. 
Transition metal-oxide/polymer hybrids 
synthesized through copolymerization, re- 
sulting in two interpenetrating networks, 
have been reported [71]. 

5. 2. 3.4 Impregnation with Biomolecules 

The encapsulation of biological molecules 
such as enzymes and other proteins into 
an inorganic network has been a com- 
mon direction for modified sol-gel elec- 
trodes [5, 72, 73]. This area has emerged 
because of the ability of the biomolecules 
to retain their chemical and biological 


function inside the porous matrix. The 
highly porous inorganic network stabi- 
lizes the biomolecule from denaturation 
pathways and at the same time allows 
reactant molecules to reach the encap- 
sulated biomolecules. There is evidence 
suggesting that most of the biomolecules 
are trapped in isolated “cages”. This 
apparently suppresses aggregation and 
unfolding, and leads to considerable ther- 
mal stabilization [74]. In addition, the 
biomolecule remains active during long- 
term storage [72]. Table 2 provides a list 
of biomolecules commonly incorporated 
in sol-gel electrode films, along with the 
sol-gel matrix and the application. 

The preparation methods used for en- 
capsulating biomolecules are similar to 
those described in Sect. 5. 2. 2. 2 with the 
exception of including a buffer solution. 
This is to ensure that the pH of the sol 
is suitable for biomolecule survival. The 
biomolecules are added to the sol, and as 
the inorganic network forms they become 
trapped within the pores along with the 
solvent phase [30]. The presence of alco- 
hol in the solvent can denature proteins 
by causing chain unfolding, aggregation, 
and destruction of secondary and tertiary 
protein structures [89]. This has prompted 
the development of an alcohol-free sol-gel 
process [72]. Biomolecules do experience 
some conformational changes because of 
interactions with the sol and in the case of 
heme proteins these changes are shown by 
changes in the wavelength maximum and 
intensity of optical absorption [74]. One 
method of reducing the conformational 
changes is by decreasing the sol pH [90, 
91]. However, once the gel network is 
formed, further conformational changes 
are not observed [91]. This suggests that 
by increasing the gelation rate, confor- 
mational changes can be minimized and 
correspondingly, an inverse relationship 
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Tab. 2 Sol-gel electrode films modified with biomolecules 


Matrix 

Active biomolecule 

Function 

References 

Si0 2 

Enzyme glucose oxidase 

Glucose biosensor 

75 

Si0 2 (with Ru dopant) 

Enzyme glucose oxidase 

Glucose and oxygen sensor 

75 

Si0 2 (modified with 

aminopropyltriethoxysilane) 

Glucose oxidase 

Glucose sensor 

76 

Si0 2 

Horseradish peroxidase 

Glucose sensor 

6 

v 2 o 5 

Glucose oxidase 

Glucose sensor 

77 

v 2 o 5 

Horseradish peroxidase 

Glucose sensor 

78 

Si0 2 -graphite 

Xanthine oxidase 

Hypoxanthine sensors 

79 

Si0 2 

Oxazine-1 70 

Ammonia and acid vapors 

80 

Si0 2 

Bromophenol blue 

pH sensors 

81 

Si0 2 

Fluorescein 

pH sensors 

82 

Si0 2 

Ru complex 

Oxygen sensor 

83 

Si0 2 

Myoglobin 

Oxygen sensor 

84 

Si0 2 

Polyclonal antifluorescein 

Fluorescein sensor 

85 

Si0 2 

Pyoverdin 

Fe(lll) sensor 

86 

Si0 2 

Metalloproteins 

Spectroscopy 

5 

Si0 2 

Metalloproteins 

NO and Co sensor 

87 

Si0 2 

Cytochrome C 

Redox catalyst 

72 

Si0 2 

Myoglobin 

O 2 transporter 

72 

Si0 2 

Hemoglobin 

O 2 transporter 

72 

Si0 2 

Liver catalase 

Enzymatic catalyst 

72 

Si0 2 

Pseudomonas stutzeri 
(whole cell extract) 

Reduction of nitrate to nitrogei 

n 88 

Si0 2 

Thiobacillus thiooxidans 
(whole cell extract) 

H 2 S removal 

88 


between gelation time and absorbance has 
been observed [72]. It has also been found 
that biomolecules tend to prevent pores 
from collapsing during gel drying [92]. 

5. 2. 3. 5 Type II Composites 

Type II composites contain two or more 
phases that are linked together through 
strong chemical bonds (covalent or iono- 
covalent bonds) [64]. Some very good 
examples of Type II composites are OR- 
MOCers (organically modified ceramics). 
By using starting monomers containing 
organic functional groups directly linked 
to the transition metal atom of the sol-gel 
precursor, it is possible to prepare a large 
variety of organic-inorganic hybrid gels 
or ORMOCers. The modified precursors 


contain both the MO— R bonds, which 
experience hydrolysis/condensation reac- 
tions described in Sect. 5. 2. 2. 2.1, and the 
nonhydrolyzable M— C bonds. In the most 
common case, the sol-gel precursors con- 
tain Si— C bonds that do not participate 
in the hydrolysis and condensation re- 
actions. Rather, these organofunctional 
groups remain exposed on the surface 
of the gel [25]. Typical organo-silicate pre- 
cursors are 3-aminopropyltriethoxysilane 
(APTEOS), iso-butyltrimethoxysilane (BT- 
MOS), phenyltrimethoxysilane (PTMOS), 
methyltrimethoxy- silane (MTMOS), and 
tetramethoxysilane (TMOS) [93]. With 
these precursors, formation of the sol and 
gel is very similar to that of the single-phase 
material. However, most transition metals 
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do not form stable bonds with carbon and 
therefore a complexing ligand is needed in 
the synthesis to form the necessary links 
between the organic and inorganic compo- 
nents. A thorough review of the synthesis 
of Type II hybrids is given by Judeinstein 
and Sanchez [64]. 

5.2.4 

Summary 

The sol-gel method of preparing elec- 
trodes is extremely versatile and can be 
utilized to synthesize a virtually endless 
list of electrochemically active compos- 
ites. This section summarized the various 
methods that can be used to control the 
electrochemical properties of the sol-gel 
electrode films. What was not discussed at 
length is the myriad of ways these elec- 
trodes can be manipulated to control such 
physical properties as surface area, pore 
size distribution, and density. These fea- 
tures can be controlled through the use of 
different drying and templating methods. 
In such high surface area materials, the 
chemistry of the oxide is mainly governed 
by the surface properties of these solids 
and the resulting electrodes may be read- 
ily modified. Studies of silica surfaces are 
an active area of investigation [94]. 

One final topic that is destined to emerge 
as a popular means of preparing modified 
electrodes is the use of templating tech- 
niques [95, 96]. By using sol-gel synthesis 
in combination with various templating 
media (surfactants, block copolymers, or- 
ganic and inorganic colloids), it is possible 
to produce oxide phases with highly or- 
dered pore networks and very narrow and 
controllable pore diameter distributions, 
ranging from 2 nm to the micrometer 
range. Thin film approaches for these ma- 
terials are just developing [97, 98]. The 


ability to design three-dimensional elec- 
trodes with highly controlled morphology 
represents a novel opportunity, which is 
certain to be of interest to the community. 
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5.3 

Metal-ion Binding to Self-assembled 
Monolayers on Surfaces 

Alexander Vaskevich, Israel Rubinstein 
Weizmann Institute of Science, Rehorot, Israel 


5 . 3.1 

Introduction 

Interaction of molecules with a solid sur- 
face is an essential factor determining the 
2D organization of a molecular assembly 
on the surface. Self-assembled monolayers 
(SAMs) on solid substrates can be classi- 
fied by the energy of interaction between 
the adsorbate and the support. In case of a 
weak interaction with the surface (usually 
termed physisorption) , the dominant fac- 
tor in the supramolecular structure is the 
interactions between the molecules them- 
selves. This type of SAMs is exemplified by 
the organization of certain organic adsor- 
bates on highly-oriented pyrolytic graphite 
(HOPG) and metal surfaces [1-3]. A dif- 
ferent behavior is observed when the 
adsorbate-substrate binding is sufficiently 
strong (usually termed chemisorption), 
such that both the substrate-adsorbate 
and adsorbate-adsorbate interactions af- 
fect the resulting SAM structure. 

SAMs on solid substrates discussed 
in this chapter fall into the latter cate- 
gory: most of the SAM-modified substrates 
are prepared by exploiting either the 
strong interaction between sulfur-bearing 
organic molecules and metal surfaces [4] 
or the covalent siloxane bonds [5]. The 
effect of metal-ion coordination in such 
chemisorbed layers, unlike that in the 
case of solution chemistry or physisorbed 
systems, is in influencing the local or- 
der in the SAM, while in most cases 


a new superstructure with an in-plane 
long-range order is not created. Metal- 
organic coordination has been extensively 
applied to directional organization of mul- 
tilayer structures normal to the substrate 
surface [6-8], where the role of the metal 
ion is quite similar to that in traditional 
solution-based chemistry, that is, direc- 
tional binding of organic ligands defined 
by the specific stereochemistry of the cen- 
tral metal ion [9[. 

Application of metal-organic coordina- 
tion to supramolecular chemistry on solid 
substrates can be generally divided into 
two broad groups: (1) Complexation of 
metal ions in SAMs containing ligand- 
bearing functional groups. This class in- 
cludes numerous analytical and sensing 
applications as well as various attempts 
to introduce or alter functional proper- 
ties of SAMs upon complexation of metal 
ions. (2) Use of metal-organic coordination 
as a tool for connecting molecular lay- 
ers in multilayer structures, as described 
earlier. Both approaches were introduced 
nearly simultaneously. Rubinstein, Sagiv, 
Shanzer, and coworkers [10, 11] prepared 
SAMs containing bisacetoacetate groups 
that selectively bind tetracoordinated di- 
valent cations (Cu 2+ , Pb 2+ , Zn 2+ ) and 
reject Fe 3+ and Fe 2+ ions, while Mallouk 
and coworkers [6, 12] introduced the layer- 
by-layer (LbL) construction of multilayer 
films of alkanebisphosphonates bound by 
Zr 4+ ions. 

In this chapter, we limit the discussion 
to systems where metal ions interact with 
organic, ligand-bearing SAMs; the case of 
coordination-based multilayers is outside 
the scope of this text. Other topics related to 
the reviewed area, that is, electrochemistry 
of SAMs and the role of metal ions in 
biomimetic systems, are covered in other 
chapters of the Encyclopedia (see Volume 
9) and in reviews [13-15]. 
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5.3.2 

Binding of Metal Ions to Functionalized 
SAMs: General Phenomena and Case 
Studies 

Functionalized SAMs are formed by 
molecules bearing a chemically active 
group in addition to the anchoring group, 
the latter responsible for surface immobi- 
lization. In most cases, the functional and 
anchoring groups are spatially separated to 
ensure maximal exposure of the functional 
group to the environment, thus enabling 
its interaction with chemical species. 

Several examples of functional mole- 
cules forming ion-binding SAMs are 
presented in Fig. 1. Examination of the 
structure of these molecules indicates 
that the properties of ion-binding SAMs 
may vary significantly. Formation of 
a well-ordered, compact structure is 
expected for the carboxyl-terminated 
terphenylthiolate SAM (Fig. la), while 
dithizone- and bishydroxamate-bearing 
layers (Fig. lb,e) would be less compact. 
The fluoroionophore SAM in Fig. 1(d), 
tethered to oxide surfaces, is most 
likely disordered, but the calixarene 
cavity is readily accessible to cations in 
solution. While the carboxyl (Fig. la), 
dithizone (Fig. lb), and nitrilotriacetic 
acid (NTA) (Fig. lc) ligands provide a 
saturated coordination sphere to the bound 
ions, the bishydroxamate-Zr 4+ complex 
(Fig. le) does not, thus requiring charge 
compensation by counterions or additional 
ligands. The latter, exemplified by the 
binding of additional ligand molecules 
to a bishydroxamate-Zr 4+ monolayer to 
form a bilayer [16] (Fig. le), is a widely 
used scheme in supramolecular chemistry 
on surfaces and will be discussed in 
Sect. 5.3.4. The receptor groups in the 
SAM may be either densely packed on 
the surface (as in Fig. la) or diluted 


with inert molecules (as in Fig. lc); 
the density of ion-binding sites on the 
surface has to be tailored to the specific 
application. For example, in the case of the 
Ni 2 +-NTA monolayer (Fig. lc), dilution 
of the binding groups provides freedom 
of conformational changes and biological 
activity of bound proteins [17]. 

An abundant scheme for the prepara- 
tion of surface metal-organic complexes 
is ligand exchange, where one of the lig- 
ands of a metal complex in solution is 
substituted with a surface-confined ligand, 
leading to immobilization of the metal 
ion in the functional SAM. Examples of 
this process include Co and Os terpyri- 
dine complexes [22]; Ru tetraamine [23] 
and dinuclear Ru [24] complexes; salen 
complexes with Fe, Co, and Mn [25]; and 
Zr acetylacetonate [26]. 

Ion binding to functionalized SAMs 
is commonly achieved by dipping the 
substrate in a metal-ion-containing so- 
lution. Recently, microcontact printing 
(pCP) was applied to the exchange of 
metal ions between a salt inked on a 
polydimethylsiloxane (PDMS) stamp and 
a ligand-terminated monolayer [27]. Ni 2+ 
ions were exchanged into a sodium car- 
boxylate-terminated monolayer using a 
Ni(Cl 04)2 inked PDMS stamp. The combi- 
nation of metal-ion exchange and surface 
patterning makes pCP a potentially useful 
approach to ion binding in ligand SAMs. 

5. 3. 2.1 Stoichiometry of Surface 
Metal-organic Complexes 

As a complexation process, metal-ion bind- 
ing to a SAM presents a ligand-exchange 
equilibrium for the metal ions between 
the solution and the surface. In con- 
trast with solution-based systems, direct 
in situ quantitative measurement of the 
composition of a SAM is experimentally 
challenging. Therefore, a variety of in situ 
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(d) (e) 


Fig. 1 Examples of ion-binding SAMs. immobilized in a mixed SAM [20], 

(a) Terphenylthiolate SAM with bound Cu 2+ (d) Na+-sensitive fluoroionophore SAM on 

ions [1 8], (b) Secondary complex of Cu + with glass [21]. (e) A disulfide-bishydroxamic acid 

dithizone-functionalized SAM [19], bilayer based on Zr 4+ , Ce 4+ , or Ti 4+ binding [16], 

(c) Ni 2+ -nitrilotrioacetic acid complex 

and ex situ methods have been applied analysis. It is assumed that the SAM com- 

to quantify the surface composition. In position remains unchanged during the 

the case of the widely used high-vacuum operation. Support for this approach was 

techniques (e.g. X-ray photoelectron spec- obtained by comparing X-ray reflectivity 

troscopy (XPS)), sample preparation for data of in situ and ex situ measured Cd 2+ - 

analysis includes emersion from solution, carboxylate SAMs [28]. The metal-ion layer 

rinsing with solvents and drying, and was shown to withstand rinsing and drying 

transfer to the high-vacuum chamber for without change of the reflectivity. 
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(a) 



Fig. 2 Coordination binding of Cd 2+ to carboxylate-terminated SAMs, (a) The 
number of electrons in the counterion overlayers per carboxylic acid group at 
the SAM surface held in 1 mM Cd 2+ solutions at different pH values, obtained 
by fitting X-ray reflectivity curves. The filled circles represent measurements 
using synchrotron radiation; the open circles were obtained using a rotating 
anode X-ray source. The line is a fit calculated using a modified BET multilayer 
adsorption model, (b) Schematic presentation of the pH-dependent 
equilibrium for binding of Cd 2+ ions to a MHA SAM (adapted from Ref. 28). 
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Owing to the experimental difficulties, 
in situ determination of SAM composi- 
tion is nearly absent. The only data of 
this kind were obtained by in situ X-ray 
reflectivity measurements of the binding 
of Cd 2+ to a SAM of mercaptohexade- 
canoic acid (MHA), HOOC(CH 2 )i 5 SH, 
as a function of the solution pH [28]. 
Complexation of the metal ion by the 
carboxylate-terminated SAM depends on 
the protonation equilibrium of — COOH 
groups in the SAM and hydration of ion 
in solution. A series of X-ray reflectiv- 
ity measurements were performed with 
SAMs prepared on single-crystal Au(lll) 
substrates in 1 mM CdCl 2 solutions of vari- 
able pH from 3.9 to 8.5. 

The results in Fig. 2(a) show the electron 
density in the overlayer bound to the 
SAM versus the number of —COOH 
groups. The electron density is constant 
and independent of the potential in the 
pH range below ~6, where the carboxylic 
acid groups are protonated and there is 
no Cd 2+ binding. Cd 2+ ions begin to bind 
to the SAM around pH ~ 6.4 and reach 
saturation at pH ~ 8. The sharp increase of 
the electron density at pH > 8 corresponds 
to the formation of hydroxide on the SAM. 
The maximum binding capacity of the 
SAM gives a 1 : 1 ratio of Cd 2+ to — COO - 
groups in the monolayer, indicating that 
about half the charge is compensated by 
counterions or another negatively charged 
ligand. The suggested equilibrium scheme 
is shown in Fig. 2(b), where the metal ion 
binds as Cd(OH) + (at 6 < pH < 8) and as 
a Cd(OH) 2 -like layer (at pH > 8). 

The effect of metal-ion concentration on 
the stoichiometry of surface complexes 
was studied by in situ attenuated to- 
tal reflection Fourier-transform infrared 
spectroscopy (ATR-FTIR) spectroscopy, 
monitoring the binding of Cd 2+ to a 
carboxylate-terminated SAM [29]. Specific 


interactions of Cd 2+ with the terminal 
COOH/COO - groupsatpH 6wereviewed 
by the increase of the v a (COO - ) and 
v s (COO~) at ca. 1539 and 1411 cm -1 , re- 
spectively (see Fig. 3a). Increase of the 
Cd 2+ -carboxylate interaction with time 
yields, after 1 hour, well-defined peaks at 
1577 and 1610 cm -1 . A qualitative esti- 
mate of the surface concentration of bound 
Cd 2+ showed that in equilibrium with pM 
solutions the surface complex corresponds 
to a 2 : 1 carboxylate-metal stoichiometry, 
while an increase of the concentration 
causes transition to a 1 : 1 binding. The lat- 
ter agrees well with X-ray reflectivity [28] 
and quartz-crystal microbalance [30] data. 

Binding of Cu 2+ ions to carboxyl- 
terminated SAMs was extensively studied 
by FTIR [31, 32], XPS [18, 31-33], and elec- 
trochemistry [33]. Formation of the surface 
complex was observed in ethanolic [7, 18, 
31, 32, 34-36] and aqueous [33, 37] so- 
lutions containing Cu 2+ ions. In some 
cases the acid-terminated SAM was depro- 
tonated by immersion in a basic solution 
prior to Cu 2+ binding [35]. Deprotonation 
and salt formation was verified by FTIR 
spectroscopy [7, 32, 34], that is, the COOH 
peak at 1715 cm -1 was replaced by the 
COO - peak at 1621 cm -1 , similarly to 
binding of Cd 2+ ions (Fig. 3b). 

This indicates that a surface Cu- 
carboxylate salt was formed, where each 
Cu 2+ ion is bound to two COO 
groups. This scheme is consistent with 
XPS data on the stoichiometry of Cu 2+ 
ion binding to various monocarboxylate- 
terminated SAMs [7, 18, 32, 37]. Al- 
though reduction of Cu 2+ by photoelec- 
trons during the XPS measurement affects 
the accuracy of the analysis, the mea- 
sured Cu/COO - ratio varied between 
0.40 and 0.46, in good agreement with 
the expected 0.5 theoretical value. Note 
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Fig. 3 FTIR spectra for metal-ion binding in carboxylate-terminated SAMs, 
(a) Spectra of the octadecylsilane/palmitic acid bilayers on Ce, exposed to 
Cd 2+ solutions of different concentrations at pH 6. The lower, center, and 
upper curves for [Cd 2+ ] = 10~ 7 and 10~ 4 M were obtained at 20-min 
intervals, in that order. The spectrum recorded in a Cd 2+ -free solution at 
pH 6 was used as a reference (adapted from Ref. 29). (b) Spectra of a 
carboxylate-terminated SAM on Au for (A) initial, metal-ion free SAM; 

(B) after binding of Cu 2+ ions (adapted from Ref. 32). 
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that in some cases the Cu 2+ binding 
scheme was extended to the formation 
of coordination-based multilayers [7, 33, 
38, 39]. 

Carboxyl-terminated terphenylthiolate 
molecules form a bilayer on Au surface 
owing to hydrogen bonding between the 
protonated carboxylates [18]. Exposure of 
the bilayer to a K + solution resulted 
in the intercalation of K + ions between 
the layers without removal of the second 
layer. A stoichiometric ratio ofK/O = 0.53 
determined by XPS is consistent with 
hexacoordinated K + ions in the bilayer. 
On the other hand, dipping in a Cu 2+ 
solution led to binding of the metal 
ions and removal of the second organic 
layer (Fig. la). The measured ratio of 
Cu/O = 0.21 is close to the expected 
value of 0.25 for Cu 2+ ions coordinated 
with two - COO“ groups. It should be 
noted that intercalation in self-assembled 
multilayers was first demonstrated with 
amphiphilic silane bilayers [40]. 

5. 3. 2. 2 Solution-surface Equilibrium 

Solution-surface equilibrium of metal ions 
is a central issue in ion-binding SAMs. 
The fraction of the SAM ligand groups 
occupied by metal ions may vary with 
solution pH [30], concentration of the 
metal ions in solution [41], and electrode 
potential, when applied [42], 

Binding of Cu 2+ ions by catechol- 
terminated SAMs was studied by thin-layer 
U V- vis spectrophotometry combined with 
a long-optical-pass cell [43]. Since the pK 
values are 9.23 and 13.0 for the first 
and second catechol deprotonation, re- 
spectively, experiments were carried out 
at pH = 7.3 to ensure that the ligand 
is in its neutral form. Under these con- 
ditions, assuming formation of a 1:1 
ligand-metal ion complex both in solution 
and on the surface, formation constants 


for the equilibrium reactions (1) and (2) 
were determined from direct mass-balance 
calculations. 

H 2 L soln + Cu 2+ 4=y CuL so i n + 2 H + 

( 1 ) 

H2L sur f ace + Cu \ ■ r L Cu sur f ace 

+ 2H+ (2) 

The log(K) values obtained for reac- 
tions (1) and (2) are —8.42 for solution- 
based species and —7.56 for surface-bound 
Cu 2+ . Hence, the equilibrium constants 
are of the same order of magnitude, with a 
small increase in the stability of the surface 
complex compared to the one in solution. 

A similar behavior was observed with 
NTA-terminated SAMs [41]. The proposed 
ion-binding scheme at pH 7.4 is presented 
in Fig. 4. 

Indirect determination of the binding 
equilibrium of Cu 2+ and Ni 2+ to the 
NTA-thioallcane SAM was carried out 
by impedance spectroscopy in chloride- 
containing solutions. For comparison, the 
complexation equilibrium of Cu 2+ and 
Ni 2+ to a dissolved fluorescine-bearing 
NTA derivative was studied by fluores- 
cence quenching upon metal binding and 
by isothermal calorimetry. Quantitative fit- 
ting of the data gives very similar apparent 
dissociation constants for metal-ion bind- 
ing to NTA on the surface and in solution: 
4.8 ± 2.1 nM versus 2.2 ± 0.5 nM, respec- 
tively, for Cu 2+ ; and 0.28 ± 0.04 pM versus 
0.47 ± 0.1 pM, respectively, for Ni 2+ . 

Binding constants of metal ions to ligand 
SAMs are largely unknown, while in 
many cases the values in solution are 
available. Therefore the similarity of the 
surface and solution values shown in the 
works described earlier is important for 
predicting ion affinity to various ligand 
SAMs. 
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Fig. 4 Equilibrium between metal ions in 
solution and coordinated to an 
NTA-functionalized SAM. (a) Scheme of a 
thiol-NTA monolayer on an Au electrode, and 
metal-ion binding equilibrium to the NTA group, 
(b) Binding of Cu 2+ (•) and Ni 2+ (■) to a 



(b) 

thiol-NTA layer on Au surface (A) and to 
fluo-NTA in bulk solution (B). The results were 

fitted to Langmuir isotherms ( ). For 

comparison, the measured signals were 
normalized to the value of the respective fits at 
10~ 13 M (adapted from Ref. 41). 


5.3.3 

SAMs as Metal-ion Receptors 

The original work of Nuzzo and Allara [4] 
on the use of the strong interaction be- 
tween gold surfaces and organosulfur 
compounds for monolayer construction 
opened the field of SAMs prepared by 
molecular self-assembly on metal sub- 
strates via formation of metal-thiolate (or 
disulfide or dialkyl sulfide) bonds [15]. The 
introduction of functional SAMs on metal 
substrates was a natural development that 
followed [10, 11]. Owing to the similarity 
with highly specialized biological mem- 
branes, functional SAMs are sometimes 
called artificial membranes. 


Much effort has been devoted to the 
development of systems showing selec- 
tive ion binding to SAMs. In most cases 
the general methodology is quite sim- 
ple, namely, an organosulfur molecule 
bearing a metal-ion binding group forms 
a SAM on an Au electrode. The re- 
sponse (electrochemical, optical, etc.) of 
the monolayer-modified electrode to the 
presence of certain metal ions in solu- 
tion, that is, ion binding to the SAM, is 
measured. 

Detection of metal-ion binding to a lig- 
and SAM may be achieved by electrochem- 
ical means, either direct (measurement 
of the electrochemical response of the 
complexed ion) or indirect (change of the 
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electrochemical response of a redox probe 
in solution; change in the impedance of the 
electrode -electrolyte interface). A variety 
of optical techniques (ellipsometry, surface 
plasmon resonance (SPR), fluorescence), 
as well as atomic force microscopy (AFM) 
and other surface analytical methods, have 
also been applied in the detection of metal- 
ion binding to ligand SAMs. 

5. 3. 3.1 Ion Binding to SAMs: Direct 
Electrochemical Reporting 

Selective complexation of Cu 2+ ions by 
a bisacetoacetate-terminated SAM while 
rejecting Fe 3+ or Fe 2+ ions was demon- 
strated using cyclic voltammetry (CV), as 
shown in Fig. 5 [10, 11, 42, 44]. 

Since the detection of selective ion 
binding to the SAM is done by direct ob- 
servation of the electrochemical reactivity 
of bound ions, nonspecific ion penetration 
must be avoided. Therefore, the quality of 
the ligand SAM and elimination of defects 
and pinholes, usually present in SAM- 
modified electrodes [15], is a requirement 
in this case [15]. The latter was achieved by 
adopting a two-step procedure, that is, de- 
position of the receptor SAM followed by 
pinhole blocking by an inert component. 
Two approaches to pinhole blocking were 
employed: (1) electropolymerization [10], 
using 1-naphthol as the monomer; 
(2) self-assembly of inert molecules, ei- 
ther H-octadecylmercaptan (OM) [10] or 
«-octadecyltrichlorosilane (OTS) [42, 44] 
(Fig. 5a). Figure 5(b) shows a typical CV of 
a bare Au electrode in a solution contain- 
ing millimolar concentrations of Cu 2+ and 
Fe 2+ . The Fe 2+ /Fe 3+ redox peaks appear 
around 0.45 V; reduction of Cu 2+ occurs 
in two steps: Cu underpotential deposition 
(upd) around 0.25 V and diffusion-limited 
bulk deposition around —0.25 V, followed 
by Cu dissolution (around 0.05 V) on the 
reverse scan. The voltammetric response 


of the SAM -modified electrode differs 
substantially from that of the bare Au 
(Fig. 5b, c). Access of Fe 2+ ions to the elec- 
trode surface is effectively blocked by the 
monolayer, seen as complete disappear- 
ance of the Fe 2+ /Fe 3+ redox peaks (Fig. 5c) 
on a current scale 10 3 times more sensitive 
than the one used for the bare electrode 
(Fig. 5b). On the other hand, Cu 2+ ions 
bind to the SAM and undergo electro- 
chemical reduction/reoxidation (Fig. 5c). 
The amount of Cu dissolved from the 
SAM varies linearly with Cu 2+ solution 
concentration, pointing to possible analyt- 
ical applications [44]. The system enables 
detection of trace amounts of Cu 2+ ions in 
the presence of >10 3 excess of (otherwise 
interfering) Fe 2+ ions. 

Another example of selective rejection 
of an interfering substance is determina- 
tion of Fe 3+ at an Au electrode modified 
with a mercaptodecanesulfonic acid SAM 
in the presence of catechol [45]. In acid so- 
lution where formation of a catechol- Fe 3+ 
complex is suppressed, both species are 
reduced in the same potential range. How- 
ever, at the SAM-modified Au electrode, 
the reduction current of 20 pM Fe 3+ re- 
mains nearly unchanged in the presence 
of 2 mM catechol in solution. 

Binding of metal ions to ligand SAMs 
followed by direct electrochemical deter- 
mination of the charge consumed by their 
surface reaction was exploited for the 
determination of Cd 2+ [46], Cr 2 C> 7 - [47], 
Hg 2+ [48], and Cu 2+ [49-53], in dilute 
solutions of the ions. The experimental 
scheme follows stripping voltammetry pro- 
tocols, with complexation of a metal ion by 
the ligand SAM at open circuit serving 
as the preconcentration step. It is usu- 
ally assumed that metal ions reaching the 
electrode during preconcentration are ir- 
reversibly bound to the SAM owing to the 
high equilibrium constant. 
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(C) 

Fig. 5 Electrochemical response of a factor is the lateral polymerization of the siloxane 

SAM-modified Au electrode in solutions groups, (b) CV for a bare Au electrode in a 

containing Cu 2+ and Fe 2+ ions (electrode area: solution containing (A) 10 -3 M 

0.65 cm 2 ; electrolyte: 0.10 M H 2 SO 4 ; scan rate: Cu 2+ + 3 x 10 ~ 3 M Fe 2+ , (B) 10 ~ 5 M 

0.1 V/s, first scan always shown), (a) Schematic Cu 2+ + 3 x 10 -3 M Fe 2+ . (c) CV for an 

representation of a TBEA + OTS monolayer Au/(TBEA + OTS) electrode in a solution 

membrane on an Au electrode. M 2+ is a bound containing (A) 10 3 M Cu 2+ , (B) 10 6 M Cu 2+ , 

ion (Cu 2+ , Pb 2+ , Zn 2+ ). The mode of an d (C) 10 6 M Cu 2+ +3x10 3 M Fe 2+ 

attachment of OTS to the gold is not entirely (adapted from Refs 10, 44). 

clear; it is assumed that the major stabilizing 

Such an example is illustrated preconcentration. Excellent selectivity was 

in Fig. 6 for the determination demonstrated, that is, determination of 

of chromate ions [47]. A SAM of 3 x 10“ 10 M chromate with nearly no 
4-(2-mercaptoethyl)pyridinium was found interference by millimolar concentrations 
to be highly effective for chromate of Fe 3+ , Ag + , Cu 2+ , VO^ , Cr 3+ , Cl - , 
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(a) E(VGLT) versus Ag/Agcl 

Fig. 6 (a) Square-wave voltammetry of a 4-(2-mercaptoethyl)pyridinium-modified gold 

electrode (scan rate: 90 mV/s) after a preconcentration step in solutions containing 
different concentrations of Cr(VI): (1) 0, (2) 4.20 x 1CH 11 , (3) 8.27 x lO -11 , 

(4) 3.53 x 1 0 10 , and (5) 5.44 x 10~ 10 M. (b) Calibration curve for chromium(VI), 
obtained from the peak currents. (Adapted from Ref. 47). 


N0 3 “. CH 3 COO-, PO 4 3 -, and SCN-. 
Only molybdate ions showed substantial 
interference, possibly owing to their 
similar structure and size. 

Effective complexation of Cu 2+ ions was 
achieved with L-cysteine SAMs [49, 50, 54]. 
It was assumed that the Cu 2+ ion inter- 
acts with both the amino and carboxylate 
groups to form a stable surface com- 
plex with a 2: 1 cysteine-to-Cu ratio [49]. 
Complex formation was pH-dependent, 
reaching a maximum at pH 5-6 [49, 54], 
where the zwitterionic form of the amino 
acid is stable. The Cu 2+ surface com- 
plex was exceptionally stable, with the 
electrochemical response remaining un- 
changed upon repetitive cycling between 
the Cu 2+ and Cu + forms. The high selec- 
tivity of Cu 2+ binding was seen as nearly 
no interference by the common cations 


and anions in solution [54]. Other effec- 
tive functional groups for Cu 2+ binding 
are the tripeptide Gly-Gly-His [51, 53] and 
poly-L-asparartic acid [52], both showing 
high selectivity and sensitivity. A SAM 
terminated with poly-L-asparartic acid was 
employed successfully in a metal chelating 
ion-exchange column [55, 56]. 

SAMs of dithiols are capable of bind- 
ing metal ions to the terminal thiol 
groups, as in the case of Cu 2+ ion 
binding to 1,6-hexanedithiol [33] and 1,4- 
benzendimethanethiol [57] SAMs on Au. 
The electrochemical response indicated 
that Cu 2+ ions undergo reduction to 
Cu + upon binding to a thiol-terminated 
SAM. Multilayer films were also con- 
structed using Cu-S coordination bind- 
ing and dithiol molecules as repeat 
units [33, 39], 
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5. 3. 3. 2 Binding of Electrochemically Inert 
Ions: Reporting by Redox Reactions of 
Solution Species 

Interfacial electrochemical properties of 
functional SAMs are generally different 
from those of well-organized, densely 
packed long-chain allcanethiol SAMs [15]. 
Functional SAMs usually comprise more 
bulky molecules assembled in a less 
ordered manner. Electrolyte penetration 
implies that the structure and properties 
of the electrode/ SAM /electrolyte interface 
may be quite sensitive to changes in the 
SAM composition and/or the externally 
applied potential. It should be noted that 
the actual perturbations in the structure of 
ion-binding SAMs are largely unknown, 
and the experimental results are often ra- 
tionalized using a model equivalent circuit 
applied to the specific system. The ex- 
perimental approach frequently applied to 
detecting ion binding to ligand SAMs is 
similar to that employed for monitoring 


the response of pH-sensitive SAMs, pri- 
marily the measurement of the electrode 
kinetics of solution redox couples at the 
SAM-modified electrode at different pH 
values. Examples of the latter include pH- 
induced changes in the CV of Ru(NH 3 ) 6 3+ 
and Fe(CN)6 3- at electrodes modified 
with various o)-substituted alkanethiol 
SAMs [58], pH-dependent electrode kinet- 
ics at 4-aminothiophenol [59] and thioc- 
tic acid [60] SAM -coated electrodes, as 
well as a thiol-containing phosphate lipid 
SAM [61]. Changes in the charge-transfer 
kinetics of solution electroactive species at 
the SAM-coated electrodes were compared 
with changes in ion permeation through 
biological membranes. Correspondingly, 
this type of electrode response to ion 
binding is often termed ion-gate charac- 
teristics [61-63]. 

Ca 2+ binding to carboxylic groups in 
a glutathione SAM on Au enhances 
dramatically the electroreduction kinetics 




Fig. 7 (a) Schematic illustrations of glutathione (CSH) molecules confined to a Au surface, 

with (A) and without (B) Ca 2+ ion at neutral and slightly acidic conditions. Nitrogen and oxygen 
atoms are indicated by full and empty circles, respectively, (b) CVs obtained in 0.5 mM 
Fe(CN) 6 3— containing different concentrations of Ca 2+ using a CSH/Au electrode at pH 5.7; 
increasing currents correspond to 0.5, 1.0, 5.0, 10.0 mM CaCb. Scan rate: 50 mV/s; scale bar 
S = 0.5 pA (adapted from Refs 62, 63). 
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of Fe(CN)6 3- (Fig. 7) [62]. This type of 
ion-gate behavior upon complexation of 
alkaline, alkaline-earth, and lanthanide 
metal cations was demonstrated with 
several kinds of functional SAMs, that is, 
dicarboxylate [62-66], phosphate [67, 68] 
and phosphate esters [69], cysteine [70], 
and 4-acyl-5-pyrozolone [71]. As a general 
rule, the higher the charge of the binding 
cation, the more sensitive is the ion gate. 
The highest sensitivity of the kinetics 
of redox markers to ion complexation 
in SAMs was achieved for binding of 
La 3+ and Al 3+ from micromolar solutions 
to phosphate ester-terminated SAMs [69]. 
Quantification of data such as those in 
Fig. 7 has yet to be done, owing to lack of 
adequate electrochemical kinetic models 
for ion-gate SAMs. 

Binding of an electrochemically inert 
ion to a ligand SAM can be detected 
quantitatively using a competition scheme. 
While the complexation of Cu 2+ to a 
bisacetoacetate-terminated SAM can be 
monitored by the voltammetric reduc- 
tion -reoxidation of the Cu 2+ ions in the 
SAM [10], binding of Zn 2+ ions to the 
same SAM cannot be detected by direct 
voltammetry as the ions are not reduced 
in the applied potential range. However, 
competition between Cu 2+ and Zn 2+ ions 
for binding sites in the SAM enables quan- 
titative determination of trace amounts of 
Zn 2+ by the decrease in the Cu 2+ voltam- 
metric currents in the presence of Zn 2+ 
ions [11, 44]. 

5. 3. 3. 3 Binding of Electrochemically Inert 
Ions: Reporting by Redox Centers in the 
SAM 

In a SAM (on Au) comprising a 
metal-binding macrocycle coupled to 
an electroactive tetrathiafulvalene (TTF) 
group [72], the redox behavior of the TTF 
changes upon complexation of a metal 


ion by the macrocycle ligand (Fig. 8). The 
TTF shows two sequential redox waves 
(solid line in Fig. 8b); addition of metal 
cations to the solution causes an anodic 
shift of the first oxidation wave, indicat- 
ing metal complexation to the macrocycle. 
The magnitude of the shift depends on 
the metal ion, that is, 10-20 mV for Li + 
and K + , 45-55 mV for Na + and Ba 2+ , 
and 60-90 mV for Ag + . It was argued 
that at potentials positive of the first oxida- 
tion wave the complex becomes unstable; 
hence the potential of the second oxidation 
wave is unchanged. 

Exceptionally stable and electrochemi- 
cally well-behaved SAMs bearing dithia- 
crown-annelated TTF derivatives were 
prepared using bipodal binding of the re- 
ceptor molecules to Au electrodes [73, 74]. 
The CVs in Fig. 9 are of much better qual- 
ity compared to those in Fig. 8, indicating 
that formation of TTF+ crown after the 
first oxidation does not repel the metal ion 
from the complex. The interplay between 
macrocycle size and cation size influences 
the shift of the redox waves upon complex- 
ation. The redox potentials of the SAM of 
la are not sensitive to the presence of Li+ 
and K + in solution, while Na + causes a 
small shift of 10 mV in the first wave. The 
SAM of lb shows high sensitivity to Na + 
(55-60 mV, both waves) and a moderate 
sensitivity to K+ (20-30 mV), but Li+ does 
not influence the signal. 

5. 3. 3. 4 Binding of Electrochemically Inert 
Ions: Application of Electrochemical 
Impedance Spectroscopy (EIS) 

Formation of a SAM on an electrode 
surface, limiting (or blocking) solution 
access to the surface, results in sub- 
stantial changes in the properties of the 
metal/solution interface [15]. Complexa- 
tion of metal ions to ligand SAMs is also 
accompanied by significant modification 
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Fig. 9 Sensing of Na + ions by a crown-ether SAM. (a) Crown-ether annelated 
TTF ligands, (b) CVs of SAMs of lb in THF solution containing 0.1 M BU 4 NPF 6 

in the absence ( ) and in the presence (••••) of 5.0 mM NaPF 6 . Scan 

rate: 0.4 V/s; reference electrode: Ag/AgCI in 0.1 M BU 4 NPF 6 in THF (adapted 
from Ref. 73). 


of the properties of the electrical dou- 
ble layer and of the electrochemical re- 
sponse of the electrode. Such variations 
are conveniently treated as changes in 
the electrical impedance of the interface. 


Electrochemical impedance spectroscopy 
(EIS) can thus be used as a highly effective 
tool for monitoring metal-ion binding to 
functional SAMs. Two basic properties of 
the system are usually determined, that is, 
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charge-transfer resistance of a redox probe 
in solution and the interfacial capacitance. 
The impedance is commonly measured 
in a wide frequency range by applying 
a small-amplitude AC-voltage modulation, 
and the results are interpreted using an 
analog equivalent circuit. EIS was success- 
fully applied to a variety of ligand SAMs on 
metal [41, 75-85] and semiconductor [86, 
87] substrates. 

A simple model of deprotonation of the 
terminal group of a SAM in contact with 
a solution predicted that the capacitance 
of the electrode was pH-dependent [88]. 
Study of the impedance of electrodes mod- 
ified with 4-mercaptopyridine (4-MP) and 
4-aminothiophenol (4-ATP) SAMs in sup- 
porting electrolyte showed that the system 
can be described as a series combination 
of a resistor and a capacitor. Capacitance 
values extracted from the experimental 


data indeed show that the double-layer 
capacitance is pH-dependent with a maxi- 
mum at the equivalent point [89]. 

One of the problems in defining 
an equivalent circuit and interpreting 
impedance data is the almost unavoidable 
presence of microscopic defects (pinholes) 
in the SAM. This issue was addressed 
in the case of surface complexation of 
Fe 3+ ions by biomimetic tris-hydroxamic 
acid (THB) receptor SAMs (Fig. 10), stud- 
ied in detail by EIS [77]. In order to 
eliminate the effect of pinholes on the sys- 
tem response, long-chain alkanethiol (OM) 
molecules were adsorbed on the electrode 
following assembly of the ion-bearing lig- 
and SAM. Reduction of the capacitance 
from ca. 14 pF cm -2 for a Fe(III)-THB 
SAM to ca. 6 pF cm -2 for the mixed 
Fe(III)-THB + OM SAM (Fig. lla,b) indi- 
cates formation of an almost pinhole-free 



Fig. 10 Schematic representation of a SAM comprising Fe 3+ -tris-hydroxamate binder (THB) and 
octadecylmercaptane (OM), the latter serving for pinhole blocking (adapted from Ref. 77). 
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Fig. 11 Experimental complex capacitance plots measured in 0.1 Na 2 S 04 at 0.3 V 
(versus MSE) for Au/THB electrode at different stages of an experiment showing 
Fe 3+ release/rebinding (adapted from Ref. 77). 


SAM, with OM molecules blocking defect 
sites and pinholes. Extraction of Fe 3+ ions 
from the SAM by EDTA and subsequent 
complexation of the metal ion show a 
corresponding response of the impedance 
(Fig. llb,d), demonstrating the reversible 
ion-binding capability of the ligand SAM. 

Complexation of alkali metal ions by 15- 
crown-5 and 12-crown-4 terminated SAMs 
was studied by EIS [78, 80]. The impedance 
of SAM -covered electrodes in the presence 
of a redox probe (usually Ru(NH 3 )g +,/3+ ) 
was described by the Randles equivalent 
circuit, and the charge-transfer resistance 
Rct changed systematically with the metal- 
ion concentration. Binding of Na + ions 


to a 12-crown-4 terminated SAM resulted 
in an increase of Rct from 0.25 k£2 in 
pure electrolyte solution to a limiting value 
of 145 k£2 in the presence of 23 mM 
Na + . Saturation of the response was 
consistent with the expected behavior of 
the adsorption isotherm. A sharp decrease 
in the selectivity was seen in mixed 
crown ether -heptanethiol SAMs. This 
suggests that the ions are bound as 2 : 1 
(ligand : metal ion) sandwich complexes. 
Dilution of the functional molecules with 
inert ones reduced the concentration of 
ligand pairs necessary for the formation 
of sandwich complexes. Such complexes 
show good selectivity for I< + versus 
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Na+: Kn 3 +/Kk+ = 30 for 12-crown-4, and presence of redox couples in the solution 
KK + /KNa+ = 450 for 15-crown-5 SAMs, does not influence the capacitive behavior 
Additional EIS studies showed that the of crown-ether SAM-coated electrodes [79]. 



(d) 


Fig. 12 (a) Bis-thiooctic ester derivatives (3, 6) the formal potential of the redox couple, (c) Plot 

of oligoethyleneglycol for SAM formation. of the relative change in Rct for 3, with the 

(b) Impedance response of a monolayer of 3 in solution containing l<+ and Na+. (d) Plot of the 

the absence and presence of varying amounts of relative change in Rct for 6, with the solution 

K + . Solution: 0.1 M Et 4 NCI + 1 mM containing l< + and Na + (adapted from 

Ru(NH 3 )g + ^ 3+ redox probe, the potential set at Refs 81, 83). 





5.3 Metal-ion Binding to Self-assembled Monolayers on Surfaces 479 


Hence, association constants of metal 
ions in such SAMs, determined from 
changes in the charge-transfer resistance 
of solution redox couples, are similar to 
those calculated from capacitance data. 

The receptor SAMs capable of selective 
ion binding of Na + and K + ions shown 
in Fig. 12(a) comprise oligoethyleneglycol 
fragments that can form pseudo crown- 
ether cavities upon complexation of the 
appropriate metal ion [81-83]. The EIS re- 
sponse of a SAM of ligand 3 (forming 
a pseudo 18-crown-6 receptor) to change 
in K + concentration in solution (Fig. 12b) 
showed a high sensitivity of the charge- 
transfer resistance to surface complexation 
of the metal ion. Ligand 6 (forming a 
pseudo 15-crown-5 receptor) showed a 
similar sensitivity to the presence of Na + 
ions. Rct values obtained with SAMs of 
ligands 3 and 6 (Fig. 12c, d) showed sig- 
nificant selectivity for concentrations of 
the metal ions above 10 mM. Interest- 
ingly, compared to selectivity results of 
crown-ether SAMs [78, 80], pseudo crown- 
ethers form stable complexes with one 


additional ethyleneglycol unit in the ring, 
that is, 5 versus 4 for complexation of 
Na + and 6 versus 5 for I< + . The question 
whether both ends of the bipodal ligands 
3 and 6 are attached to the Au substrate 
remains open, and further study is nec- 
essary to establish the structure of the 
SAMs. 

The apparent availability of free thiol 
groups in a bis-mercaptoacetamide SAM 
was exploited for binding of Re ions 
(Fig. 13a) [90]. XPS analysis of the SAM 
of ligand 7 shows that nearly half the 
thiol groups remain protonated, indicating 
that only one end of the ligand is 
attached to the Au surface. The vertically 
extended molecular orientation in the 
SAM may be promoted by amide -amide 
intermolecular interactions, known to 
provide lateral stabilization of monolayer 
structures [91, 92]. Metal-ion binding in 
SAMs of 7 was confirmed by XPS analysis 
and electrochemistry, showing irreversible 
oxidation of Re 5+ in the surface complex 
(Fig. 13b). 



Fig. 13 (a) l,12-Bis(2-mercaptoacetamido)dodecane ligand 7. (b) CV of a 

monolayer of adsorbate 7 after immersion in Re(V) gluconate solution for 3 h. Only 
one oxidation peak at —0.14 V is present, but it disappears, producing a featureless 
trace after 20-30 scans. Scan rate: 0.1 V/s; electrolyte: 0.1 M K 2 SO 4 (adapted from 
Ref. 90). 
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5. 3. 3. 5 Optical Methods for Control and 
Reporting of Ion Binding to SAMs 

The possibility of photoswitching of metal- 
ion chelating in SAMs was demonstrated 
using a (pyridylazo)phenol SAM, exploit- 
ing the reversible photoinduced trans-cis 
isomerization of azo compounds. The 
SAM is capable of binding Ni 2+ and Co 2+ 
ions in the trans form, while no bind- 
ing occurs in the cis form (Fig. 14) [93]. 
Reversible photoswitching of the SAM 
without metal ions was tested by elec- 
trochemistry and UV-vis spectroscopy of 
SAMs deposited on ultrathin transparent 
Au electrodes (Fig. 15a). Exposure of SAM- 
coated Au electrodes to a Ni 2+ solution 
resulted in no significant change of the 
UV-vis spectrum of the cis SAM, while 
the spectrum of the trans SAM showed 
substantial change of the absorption band 
(Fig. 15b, compare with Fig. 15a). UV-vis 
titration of the trans SAM with Ni 2+ 


showed an isosbestic point for the transi- 
tion from the 365-nm band to the 433-nm 
band. Saturation of the SAM with Ni 2+ 
ions occurs in the millimolar concentra- 
tion range. 

As a reflection technique, ellipsometry 
is particularly suited to the study of SAMs 
on metal surfaces. Application of ellip- 
sometry to monitoring of selective ion 
binding in ligand SAMs was carried out 
by exploiting the change in the ellipso- 
metric parameters, particularly the phase 
parameter A, upon formation of light- 
absorbing SAM -metal ion complexes [42]. 
Binding of Cu 2+ ions to a bisacetoacetate- 
terminated SAM was seen as a marked 
decrease in A, especially pronounced at a 
wavelength close to the absorbance max- 
imum of the complex. The change in A 
was reversible, returning to its original 
value upon removal of the bound ion. The 
binding selectivity was seen as essentially 




Fig. 14 Chelation ofNi 2+ by a photoswitchable (pyridilazo)phenol SAM [93], 
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(a) 

Fig. 15 UV-vis extinction spectra of a 
(pyridilazo)phenol SAM. (a) Spectra of the 

as-prepared SAM ( ), the SAM following 

UV irradiation ( ), and the SAM after 

subsequent visible irradiation (••••). 

no change in A in the presence of Fe 3+ 
ions, in agreement with the electrochemi- 
cal results. 

SPR was used to follow complexation 
of Pb 2 + ions to a dithizone-terminated 
SAM [94, 95], allowing measurement of 
the kinetics of the process. Fluorescence 
detection of ion binding to a monolayer 
of calix[4]arene receptors covalently im- 
mobilized on glass through a silane bond 
was demonstrated by measuring the fluo- 
rescence of pyrene fluorophore groups in 
the receptor molecules. Upon Na + bind- 
ing to the receptor SAM, the emission 
spectra showed a decrease of the pyrene 
monomer and increase of the excimer fluo- 
rescence [21]. Selectivity constants for Na + 
versus K + and Cs + were greater than 100. 

Fluorescence reporting was also applied 
to selective binding of Pb 2+ by urea 
in the presence of other metal ions 
(Zn 2+ , Ca 2+ ). Mixed SAMs containing 
a ligand (urea) and a fluorescent group 
(dansyl, coumarine) were assembled on 



(b) 


(b) Spectra for the trans ( ) and cis 

isomers of the SAM following interaction with 
2.4 mM Ni(N 03)2 solution (adapted from 
Ref. 93). 


glass slides. Binding of Pb 2+ resulted 
in quenching of the probe fluorescence, 
with reasonable selectivity [96]. This type of 
signal transduction is applicable to indium 
tin oxide (ITO) electrodes and therefore 
enables combined electrochemical and 
optical detection schemes. 

Binding of Zn 2+ ions through met- 
allation of a porphyrin monolayer co- 
valently bound to silanized silica was 
monitored by UV-vis spectroscopy [97]. 
Attachment of three bidendate ligands, 1,4- 
diazabicyclo[2.2.2]octane, 4, 4' -bipyridine 
and l,3-di(4-pyridyl)propane via axial lig- 
ation to the Zn-porphyrin was found to be 
much stronger than binding to the solution 
porphyrin. UV-vis spectroscopy was used 
for monitoring the insertion of dissolved 
metal ions (Co 2+ , Mn 2+ , Fe 2+ , Ni 2+ , 
Cu 2+ and Zn 2+ ) into SAMs of thiolated 
porphyrins [98]. Catalytic activity of the 
ion-containing monolayers toward electro- 
chemical oxygen reduction was demon- 
strated. Metallation of a porphyrin SAM 
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was also achieved electrochemically using 
pulsed cathodic polarization in organic so- 
lutions [99]. 

5.3.4 

Bilayers Formed by Metal-organic 
Coordination 

5. 3. 4.1 Coordinated Organic Bilayers 

A layer of ligand molecules can be as- 
sembled on top of an already existing 
SAM of ion-binding molecules, via co- 
ordination to the bound layer of metal 
ions through ligand exchange. The result 
is a bilayer of ligand molecules con- 
nected via coordination of the central ion. 
Coordination-based bilayers (and multi- 
layers) have been constructed using a 
step-by-step scheme of this kind. Success- 
ful application of the stepwise construction 
scheme depends on the steric compat- 
ibility of the formed complex with the 
density and arrangement of binding sites 
in the base monolayer. This issue was 
addressed in a study of bilayers on Au sur- 
face based on a sandwich arrangement 
of two bishydroxamate disulfide ligand 
molecules bound through octacoordinated 
Ce 4+ , Zr 4+ , or Ti 4+ ions (Fig. le)) [16]. 
The authors compared the properties of 
bilayers prepared from the preformed 
bimolecular complex with those of bi- 
layers prepared by stepwise assembly of 
the components (first monolayer, metal 
ions, second layer). The properties of the 
two types of bilayers are comparable with 
somewhat better values for the stepwise 
bilayers (95% coverage versus 87% for the 
preformed layer [100]; higher ellipsomet- 
ric thickness). This difference suggests 
a different packing of the first mono- 
layer compared to the preformed complex. 
XPS analysis indicated that binding of 
the second layer through metal-ion co- 
ordination was almost complete in the 


stepwise preparation scheme. The good 
tolerance of the stepwise coordination 
scheme to monolayer defects is similar 
to that observed with phosphonate-based 
systems [101]. 

Coordination bilayers constructed from 
cavitand-based cages were monitored di- 
rectly by AFM imaging [102]. The average 
height of the SAM at different stages of bi- 
layer construction was measured relative to 
areas on the same slide covered by an inert 
alkanethiol SAM. Changes in the height, 
measured directly by AFM, were consis- 
tent with the calculated dimensions of the 
coordination assembly. Preparation of lay- 
ers with a large lateral separation between 
the binding sites allowed direct detection 
of individual cavitands and coordination 
complexes embedded in the inert SAM. 

Coordination of Zr 4+ with phosphonate 
anions [6] was exploited for binding of Ru- 
complexes to a phosphonate-terminated 
SAM [103]. The Ru(II) complexes, con- 
taining a terpyridyl-phosphonate ligand, 
were bound to Zr 4+ -terminated 1,4- 
thiobutylphosphonate SAM on Au. The 
structures of the complex bilayers were 
studied by matrix-assisted laser desorp- 
tion/ionization time-of-flight mass spec- 
trometry (MALDI-TOFMS), confirming 
the presence of Ru-complexes in the des- 
orption products. 

A bilayer of binuclear metal complexes 
was prepared using a ligand-exchange 
process [22]. A mixed SAM of the two 
complexes [Os(tpy-SH) 2 ] 2+ and [Os(tpy- 
SH)(tppz)] 2+ (tpy = terpyridine, tppz = 
tetrapyridylpyrazine) was prepared on an 
Au electrode and showed electroactivity of 
the [Os(tpy-SH) 2 ] 2+ groups. After expo- 
sure of the SAM to a solution containing 
[Co(tppz)(Cl) 2 ], a second redox process was 
observed, attributed to [Co(tppz) 2 ] 2+ moi- 
ety complexed onto the first layer. The 
overall assumed structure corresponds to 
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Fig. 16 NTA-Ni 2+ chelator for His-tagged biomolecules. 
Schematic representation of the binding of a His-tagged 
protein to a quartz substrate functionalized with a SAM 
terminated with NTA. Binding of Ni 2+ ions enables 
immobilization of His-tagged proteins via the histidine 
residues (adapted from Ref. 17). 


the binuclear surface complex Au/-S-tpy- 
Os-tppz-Co-tppz. 

The ability of a Cu 2+ -carboxylate termi- 
nated SAM to bind an additional organic 
ligand was used for selective binding 
of the nerve-agent simulant diisopropyl 


methylphosphonate (DIMP) [34, 104]. 
FTIR studies showed a strong interaction 
of phosphoryl oxygen with surface- 
confined Cu 2+ to yield a DIMP/Cu 2+ 
adduct [105]. The strong affinity of DIMP 
to surface Cu 2+ carboxylate is potentially 
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useful in the construction of chemi- 
cally sensitive interfaces for detection of 
organophosphonates . 

Carboxylate metal ion terminated 
SAMs are capable of binding a sec- 
ond layer of carboxylate-terminated 
molecules. This approach was used 
for preparing bilayers where the 
upper layer comprises carboxylate- 
terminated dendrimers [35], Au nanoparti- 
cles (NP) [106, 107] and protoporphyrin IX 
(PPIX) [108], Polyphenylene dendrimers 
(G2Td(COOH)i6) (equivalent diameter, 
ca. 4 nm) were ionized and then adsorbed 
on a Cu 2+ -carboxylate SAM [35]. SAMs 
with variable concentrations of bind- 
ing groups were assembled using mixed 
monolayers of HOOC-CIO-SH and CH3- 
Cll-SH, prepared either by adsorption 
from solution containing both molecules 
or by sequential adsorption (HOOC-CIO- 
SH followed by partial exchange with 
CH3-C11-SH). The latter procedure is 
particularly effective for preparing mixed 
SAMs with high dilution of coordination 
binding group [109, 110]. Using mixed 
SAMs with diluted binding sites, the indi- 
vidual G2 ions were observed by noncon- 
tact AFM [35]. The dicarboxylate porphyrin 
PPIX was coordinatively attached to a 
Cu 2+ -terminated 1 1-mercaptoundecanoic 
acid (MUA) SAM on Au [108], The use of 
Cu 2+ ions for binding between the car- 
boxylate groups of PPIX and MUA was 
shown to promote better organization of 
the porphyrin layer compared to binding 
of PPIX directly to the MUA SAM. 

5. 3. 4. 2 Immobilization of Biological 
Molecules through Coordination Binding 

Use of coordination binding via metal 
ions for immobilization of proteins started 
with the introduction of immobilized 
metal (ion) affinity chromatography 
(IMAC) [111]. This approach is now 


used in various applications, including 
purification, protein surface topography 
studies, and biosensing [112]. Of the 
various coordination binding groups, 
NTA-Ni 2+ is of particular interest [113], 
owing to its strong and stable binding to 
histidine-tagged proteins. Two imidazole 
groups (2 x His-tag) are needed to 
complete the coordination of Ni 2+ 
(see Figs, lc and 16); however, a more 
stable complexation is achieved with six 
consecutive histidine tags (6 x His-tag). 
The strength of the coordination binding 
between His-tags and NTA-Ni 2+ complex 
was measured by AFM [114-116]. The 
binding force was 300 pN [114] and 
150 pN [116] for a substrate with 
NTA-Ni 2+ centers and tip with His-tags, 
and much lower (ca. 40 pN [115]) for the 
opposite combination (NTA-Ni 2+ on tip 
and His-tag on substrate). The magnitude 
of the force increased substantially with 
contact time [117]. Although the higher 
values are low compared to covalent 
bonds (2.0 nN for Si— C and 1.4 nN for 
Au-S bonds [118]), they are larger than 
the 50-100 pN values characteristic of 
binding forces in single receptor-ligand 
interactions [116]. The relatively high 
binding energy of the NTA-Ni 2+ -His 
complex is the reason for its wide 
application in IMAC and protein binding 
to SAM applications. 

Binding of polyhistidine-modified pro- 
teins to NTA-Ni 2+ terminated SAMs 
was extensively studied [20, 119-123]. 
The complexation was monitored by 
various techniques, primarily SPR [20, 
124-126] and FTIR [125, 127, 128], Ex- 
posure to imidazole solution induced 
protein release from the binding site 
by ligand competition [20], while most 
of the Ni 2+ ions remained bound to 
the SAM [122]. It should be noted that 
protein immobilization through His-tags 
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preserves its biological activity. Hence, 
binding of specific antibodies to the 
NTA-Ni 2+ immobilized His-tag pro- 
tein [20] and docking of lipoprotein re- 
ceptor to the capsid of human rhinovirus 
particles [129] were demonstrated. 

Oligonucleotides with a terminal phos- 
phate group were bound to Zr 4+ -charged 
phosphonate-derivatized SAMs [130]. This 
immobilization procedure is rather 
straightforward and shows long-term sta- 
bility (months) of the binding site, and 
therefore may be useful for actual applica- 
tions. 

Coordination binding was used for at- 
tachment of electroactive proteins to a 
SAM on Au [131]. SAMs of long-chain thiol 
derivatives of metalloporphyrins (Fe 3+ , 
Zn 2+ ) served as anchors for the recon- 
stitution of apomyoglobin, forming the re- 
spective Fe-and Zn-myoglobin proteins 
at the interface. Formation of an elec- 
troactive surface complex of myoglobin 
and Fe-porphyrin was achieved by lat- 
erally separating the binding molecules 
using a mixed monolayer of thiolated 
Fe-porphyrin and 10-hydroxydecanethiol, 
thus preventing intermolecular interac- 
tions between porphyrins in the SAM. 

5. 3. 4. 3 Binding of Macrocycle Molecules 

Immobilization of macrocycle molecules 
onto SAMs on solid substrates has been 
widely studied because of potential appli- 
cations of such systems in light harvest- 
ing and catalytic processes. An abundant 
scheme for macrocycle attachment is coor- 
dination binding of the metallomacrocycle 
molecule to a preformed SAM terminated 
with a suitable ligand. 

Axial ligation of the metal ion in met- 
alloporphyrin and metallophtalocyanine 
macrocycles to functional groups in SAMs 
has been widely used for macrocycle im- 
mobilization onto surfaces. Functional 


groups involved in metallomacrocycle 
binding include imidazole [132, 133], 
pyridine [134-136], [137-139] amine [134, 
135, 140], isocyanide [141], and isonicoti- 
nate [142]. Two types of organizations have 
been demonstrated, that is, parallel and 
perpendicular orientation of the macrocy- 
cle relative to the substrate. 

Planar orientation of the macrocycle has 
been realized in various cases of axial lig- 
ation of the metal center to a functional 
SAM [132-139, 141-146], as exemplified 
in Fig. 17(a) [133]. Characterization of the 
coordinated SAMs by FTIR, ellipsometry, 
and XPS confirmed the near-planar orien- 
tation of the macrocycle. High-resolution 
STM images [133] showed regions of in- 
creased tunneling probability of the size 
of the flat porphyrin projection. However, 
the detailed organization of a macrocycle 
layer can deviate substantially from the 
ideal planar configuration, owing to in- 
teraction of peripheral groups with the 
tethering monolayer [136]. The optimal or- 
ganization of the tethering SAM remains 
unclear; however, a SAM with diluted 
anchoring molecules leads to better or- 
ganization of the macrocycle layer [133]. 
Note that the parallel orientation of macro- 
cycles has been exploited frequently for the 
construction of metallomacrocycle multi- 
layers on surfaces, assembled in an LbL 
scheme [133, 138, 141, 147]. 

The ability of the metal center in the 
macrocycle to bind two axial ligands was 
employed for positioning metallomacro- 
cycle molecules perpendicular to an Au 
substrate (Fig. 17a) [148, 149]. The SAM 
comprised bifunctional molecules with a 
cyclic disulfide group for surface immobi- 
lization and a dipodal imidazole ligand for 
viselike binding of the metalloporphyrin, 
where the supramolecular organization on 
the surface is dictated by the disulfide 
attachment to the Au. This combination 




plex 1-Fe 3+ (TP P) Cl onto a Au surface (adapted from Ref. 148). 
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ensured a perpendicular orientation of the 
macrocycle ring relative to the surface. Fe- 
tetraphenylporphyrin immobilized in this 
manner showed electrochemical reactiv- 
ity. The porphyrin monolayer was formed 
either in a stepwise manner or by us- 
ing a preformed complex (Fig. 17b). The 
latter scheme provided better packing of 
the SAM and higher concentration of por- 
phyrin groups in the monolayer. 
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6.1 

XPS, UPS, Penning Ionization, and Auger 
Electron Spectroscopy 

Masamichi Fujihira 

Tokyo Institute of Technology, Yokohama, 
Japan 

Electron spectroscopies such as X-ray pho- 
toelectron spectroscopy (XPS) and ultra- 
violet photoelectron spectroscopy (UPS) 
using photons, Penning ionization spec- 
troscopy (PIS) using metastable noble-gas 
atoms, and Auger electron spectroscopy 
(AES) using high-energy electrons as prob- 
ing particles are widely used for surface 
characterization of chemically modified 
electrodes. However, these methods are 
well described in textbooks of surface 
chemistry. Therefore, in this section, 
we simply cite several representative 
textbooks in the following further reading. 


Further Reading 

1. D. Briggs, M. P. Seah (Eds.), Practical Surface 
Analysis, Auger and X-ray Photoelectron Spec- 
troscopy, 2nd edition, John Wiley & Sons, 
Chichester, 1990, Vol. 1. 

2. L. E. Davis, N. C. MacDonald, P. W. Palm- 
berg etal., Handbook of Auger Electron Spec- 
troscopy, 2nd edition, Physical Electronics 
Industries, Minnesota, 1976. 

3. B. Feuerbacher, B. Fitton, R. F. Willis (Eds.), 
Photoemission and Electronic Properties of 
Surfaces, John Wiley & Sons, Chichester, 
1978. 

4. W. Adamson, A. P. Gast, Physical Chemistry 
of Surfaces, 6th edition, Wiley, New York, 
1997. 

5. A. Ulman, An Introduction to Ultrathin 
Organic Films from Langmuir-Blodgett to 
Self-Assembly, Academic Press, San Diego, 
1991. 

6. H. Ozaki, Y. Harada, K. Nishiyama et al., J. 
Am. Chem. Soc. 1987, 109, 950-951. 
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6.2 

Scanning Probe Microscopies as Chemical 
Force microscopy for Self-assembled 
Monolayers 

Masamichi Fujihira, Hiroki Okui, Fuminobu 
Sato 

Tokyo Institute of Technology, Yokohama, 
Japan 


6 . 2.1 

Introduction 

For more than a decade, friction at a slid- 
ing interface between organic monolayers 
such as Langmuir- Blodgett (LB) films 
and self-assembled monolayers (SAMs) 
has been studied experimentally by fric- 
tion force microscopes (FFM) [1-3] and 
surface force apparatuses (SFA) [4]. The 
difference in friction between hydrocarbon 
(HC) and fluorocarbon (FC) [5-16] and 
among monolayers of alkyl chains having 
different terminal groups [17-20] against 
atomic force microscope (AFM) tips with 
or without monolayers having different 
terminal groups has been observed. 

The chemical modification by silaniza- 
tion (or other chemical reactions) of car- 
bon, oxide, or metal electrode surfaces [21, 
22] or SAM formation on gold surfaces 
with thiol or disulfide compounds [23] has 
been utilized for the tip functionalization. 
The systematic chemical derivatization of 
the tips was carried out with silane [10, 
24-27] or thiol [17, 18, 20, 28-37] deriva- 
tives. Today, chemical differentiation of 
the terminal groups by FFM [5-20, 28, 36, 
37] or adhesive force measurements [17, 
18, 20, 24-28, 30-37] is called chemi- 
cal force microscopy (CFM) [17]. Adhesive 
and frictional forces can be mapped in 
x-y planes as CFM images. The adhesive 


force mapping was performed quickly 
by pulsed-force-mode atomic force mi- 
croscopy (PFM-AFM) [37-41]. 

Recently, we attempted to interpret the 
origin of the friction differences among 
the organic monolayers by comparing the 
MD (Molecular Dynamics) simulation of 
the sliding friction between these monolay- 
ers with a corresponding simplified phe- 
nomenological simulation [42-46]. The 
dependence of friction and adhesive forces 
between the sample and the AFM tip sur- 
faces on the terminal functional groups 
was also studied using the simplified 
phenomenological simulation [44] and us- 
ing PFM-AFM with chemically modified 
tips [36, 37]. 

6 . 2.2 

Chemical Modification of AFM Tips 

Chemical modification of AFM tips can be 
performed reproducibly by our previous 
method [36]. The chemical modification 
of AFM tips just after vapor deposition 
of gold in an Olympus factory and the 
modification of the commercially avail- 
able gold-coated tips after cleaning in 
our laboratory gave almost the same 
results for chemical differentiation of 
surface chemical species [36]. Therefore, 
in our laboratory, chemically modified 
AFM tips were prepared from Olym- 
pus Si 3 N 4 rectangular cantilevers OMCL- 
RC800PB-1 (0.73 or 0.38 N m” 1 ) with a 
sharpened pyramidal tip according to the 
following procedure. The commercially 
available tips were already coated with 
Cr/Au films when we received them. 
The tips were first cleaned using an 
ozone cleaner (Nippon Laser & Electron- 
ics Lab.) for 30 minutes and immediately 
after the oxidation step, the gold-coated 
tips were immersed in pure, hot ethanol 
at ca 65° for 30 minutes for complete 
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reduction of surface gold oxides. Fur- 
ther chemical modification was performed 
by immersing the cleaned gold tips into 
a 1 mM 1-decanethiol (CH 3 (CH 2 )gSH) 
or 11-mercaptoundecanoic acid (HOOC 
(CH 2 )ioSH) ethanol solution for 24 hours 
at room temperature immediately af- 
ter the two-step cleaning procedure. Fi- 
nally, the modified tips were rinsed 
thoroughly with pure ethanol and dried 
under a stream of nitrogen. The chem- 
ically modified tips with CH 3 (CH 2 )„SH 
and HOOC(C! H),, SH will be called here- 
after CH 3 [9, 10, 13, 17, 18, 20, 24-37] 
and COOH tips [17, 18, 20, 28-37], re- 
spectively. In addition to these two types 
of tips, other functional groups, such 
as -CF 3 [9, 10, 13, 29], -OH [27-29, 
31-33, 35], -SH [26], -OCOCH 3 [26], 
-SCOCH 3 [26], — CH=CH 2 [27], — CH 2 Br 
[28], -CO 2 CH 3 [28, 33], -NH 2 [30, 31, 
34, 35], -OCH 3 [33], -CONH 2 [33, 35], 
— PO 3 H 2 [34], and — SO 3 [47], can be in- 
troduced on AFM tips. 

6.2.3 

Sample Surfaces with Various Patterns 

The chemically modified sample sur- 
faces with patterns were prepared ac- 
cording to the following procedures [36, 
48-50]. First, a phase-separated mixed 
monolayer was formed by spreading a 
mixed chloroform solution of a car- 
boxylic acid with a partially fluori- 
nated carbon (C 9 F 19 C 2 H 4 OC 2 H 4 COOH, 
PFECA) and octadecyltrichlorosilane 
(CigHjySiCbs, OTS) and by compressing 
a mixed monolayer at an air-water inter- 
face in a Langmuir trough. Secondly, the 
resulting phase-separated monolayer was 
deposited on an oxidized Si(lll) wafer 
by the LB method, followed by heating 
at 80 °C overnight and then ultrasoni- 
cation in ethanol. The bare oxidized Si 


surface was exposed by removing the 
physically adsorbed PFECA domains, but 
the chemically bound OTS monolayer do- 
mains remained on the Si surface even 
after ultrasonication. In this way, an ox- 
idized Si wafer surface partially covered 
with HC monolayer domains was pre- 
pared. The sample thus prepared was 
used for comparison between friction force 
and adhesive force mapping by FFM and 
PFM-AFM, respectively. 

A stamp for microcontact printing 
(/x-CP) was fabricated as described pre- 
viously [37] according to the method in- 
vented by Kumar and Whitesides [51-53]. 
The height of the convexities of the stamp 
was determined to be ca 0.4 pm from a 
cross section of the AFM image. The gold- 
coated substrates were prepared by the 
following method. Microcover glass plates 
obtained from Matsunami Glass Industry 
were cleaned by the same ozone cleaning 
for 30 minutes as that used for the AFM 
tips described above. Gold films (ca 11 nm) 
were deposited on the cleaned cover glass 
plates with a Hitachi E-1030 ion sputter 
using an argon plasma at about 6 Pa, 
15 mA with a deposition rate of about 
11 nm min -1 [54, 55]. In addition to the 
sputtered gold films, we also used gold 
films (ca 100 nm) with Au(lll) surfaces 
prepared by gold vacuum vapor deposi- 
tion (at a rate of ca 0.2 nm sec -1 ) at ca 
300 °C followed by annealing at ca 400 °C 
for 2 hours [55]. 

The patterned SAM samples were pre- 
pared by the procedures illustrated in 
Fig. 1 [56]. As the first step, two types 
of /x-CP methods [53, 57] were used to 
make stamped patterns on the gold-coated 
substrates. One is called the wet-inking 
method, in which inking of the stamp was 
done by placing a thiol ethanol solution for 
30 seconds and then removing the excess 
solution under a stream of nitrogen. The 



498 


6 Ex Situ Methods 




PDMS stamp 


Photoresist 

Cr 

Si0 2 


PDMS stamp 


PDMS: 

polydimethylsiloxane 

Master 

Curing at least 12 hours 
Peeling off from the 
master 



I I 






Fig. 1 Preparation procedures of patterned samples with (a) the 
wet-inking and (b) the contact-inking method, followed by further 
chemical modification of the unprinted area with a 1 mM 
HOOC(CH 2 )ioSH ethanol solution for ca 5 minutes. 


ethanol solution with a thiol concentration 
of 0.1 mM was examined as the inking 
solution. 1-Alkanethiols CH3(CH2)„SH 
with different chainlengths of n = 11, 
15, and 19 were examined as the ink- 
ing thiol compounds. The other is called 
the contact-inking method, in which an 
inker pad (ca 3 x 15 x 15 mm 3 ) made of 


polydimethylsiloxane (PDMS) was dipped 
overnight in a 0.1 mM thiol ethanol solu- 
tion, then the excess solution was removed 
by a stream of nitrogen, and finally the 
stamp was placed for 30 seconds on the 
inker pad impregnated with the thiol 
solution. The second step for pattern 
formation was the same for the two 
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methods and the gold surfaces patterned 
with alkanethiols by /i - CP were further re- 
acted with HOOC(CH 2 )ioSH in a 1 mM 
ethanol solution for ca 5 minutes. The re- 
sulting patterns with CH 3 — and COOH— 
terminated regions were analyzed by imag- 
ing the adhesive forces in an aqueous 
solution with the chemically modified 
gold-coated AFM tips with a SAM of CH 3 
terminal functional groups. 

6.2.4 

FFM and PFM-AFM Measurements 

All measurements of AFM, FFM, and the 
adhesive force mapping with PFM-AFM 
were performed with a commercial AFM 
(a Seiko Instruments SPA 300 AFM unit 
with an SPI-3700 AFM controller) and a 
PFM box [40, 41]. The cantilever bend- 
ing forces [49] for FFM and PFM-AFM 
were ca 10 and 3 nN, respectively. The fre- 
quency and the amplitude for PFM-AFM 
were 0.5-1 kHz and 30-70 nm, respec- 
tively. Relative humidity of measuring air 
atmospheres was 50-60%. The adhesive 
force mappings in water were performed 
in a 0.1 mM NaHCC >3 aqueous solution 
at room temperature. This slightly basic 


aqueous solution was used to confirm dis- 
sociation of the surface COOH terminal 
groups [31]. Brighter contrast in friction 
and adhesive force maps correspond to 
higher friction and adhesive forces. 

6.2.5 

Friction and Adhesive Force Imaging as 
CFM 

6. 2. 5.1 CFM of Patterned Surface 
Prepared by the LB Method 

In Fig. 2 are shown 5x5 pm 2 (256 x 128) 
images of (a) a topography and (b) a 
friction force map of an oxidized Si 
wafer partially covered with polymerized 
OTS monolayer domains prepared by the 
LB method described above [36, 48-50], 
These two images were taken simultane- 
ously by contact-mode AFM, using a CH 3 
tip. The height of the HC domains in 
Fig. 2(a) was determined to be ca 2.2 nm 
by AFM. The AFM result indicated that the 
HC layer was a polymerized OTS mono- 
layer and the lower surface was the bare 
oxidized Si surface. In Fig. 2(b), the much 
higher friction was observed on the bare ox- 
idized Si surface than on the HC domains. 
As discussed previously [49], the contrast 



(a) (b) 

Fig. 2 5x5 pm 2 (256 x 128) images of (a) a topography and 

(b) a friction force mapping, simultaneously obtained by 
contact-mode AFM using a CH3 tip in air for a patterned sample 
prepared with the LB method. 
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in the friction map can be attributed to the 
change in the effective normal loads rather 
than the difference in the intrinsic friction 
forces between these two domains with 
different chemical species [10]. In other 
words, a hydrophilic surface on the oxi- 
dized Si substrate was covered with a water 
film in the ambient atmosphere and wa- 
ter capillary forces on this region would 
increase the effective normal load [49]. 

To do adhesive force mapping, we also 
performed PFM-AFM on the same surface 
using the same CH 3 AFM tip. Figure 3 
shows a 5 x 5 pm 2 (256 x 128) image 
of (a) an adhesive force map taken by 
PFM-AFM and (b) a histogram of the ad- 
hesive forces in the adhesive force map 
in Fig. 3(a). Here, the histogram shows 
the adhesive force versus the number of 
times, with which this force was observed 
in 32 768 times (256 x 128) adhesive force 
measurements during the adhesive force 
mapping. In PFM-AFM, the c -position of 
the sample is controlled so as to keep the 
peak signal constant using sample and 
hold circuits and a feed back loop in AFM, 
which is used to produce a topographic im- 
age [40, 41]. The cantilever bending forces 


for the peak signal of the PFM was ca 
3 nN and the frequency and the amplitude 
for the images were 1 kHz and 70 nm, re- 
spectively. The height of the HC domains 
was found to be the same as that observed 
in the contact-mode AFM topography in 
Fig. 2(a) with a cantilever bending force of 
ca 10 nN. The adhesive force map shown in 
Fig. 3(a) gave also a clear contrast between 
the HC and the bare oxidized Si domain. 
As we would expect, the higher adhesive 
forces were observed on the hydrophilic ox- 
idized Si surface than on the hydrophobic 
HC domain. From the histogram shown 
in Fig. 3(b), average values of the adhesive 
forces on the Si and the HC surface were 
found to be ca 3.9 and 1.6 nN, respectively. 

As described above, it was found that 
CFM, by mapping the friction and the 
adhesive force with FFM and PFM-AFM, 
respectively, is useful for the patterned 
sample of the oxidized Si wafer partially 
covered with polymerized OTS monolayer 
domains. Similar measurements were also 
carried out using a COOH tip. In both 
images of FFM and PFM-AFM, the much 
higher contrast was observed between 
these two domains using this hydrophilic 



Fig. 3 A 5 x 5 pm 2 (256 x 128) image of (a) an adhesive force map 
obtained by PFM-AFM and (b) a histogram of the adhesive forces 
measured in Fig. 3(a), using the same CH3 tip on the same patterned 
surface that was observed in Fig. 2. 



6.2 Scanning Probe Microscopies as Chemical Force microscopy for Self-assembled Monolayers 501 


tip. The water capillary force is again 
considered as the main origin of the 
contrast obtained with this tip. 

6. 2. 5. 2 Friction Force Map in 
Phase-separated HC-FC Mixed LB Films 
with Ca 2+ Counterions 

In our first report of FFM of phase- 
separated HC and FC mixed monolayers, 
we used cationic polymers as the coun- 
terions of Langmuir mixed monolayers 
of carboxylates with HC and FC long 
chains [5, 6 ]. The phase-separated mixed 
monolayers were, however, found to be 
of the “on-top” structure rather than the 
conventional “side-by-side” structure [58]. 
One of the factors giving an unusual two- 
story structure was considered to be due to 
an amphiphilic property of cationic poly- 
mers. Therefore, we attempted to form 
phase-separated HC and FC mixed mono- 
layers with “side-by-side” structure, using 
hydrophilic counterions such as Ca 2+ ions. 
Figures 4(a) and (b) show 8 x 8 pm 2 im- 
ages of a topography and a friction force 
map of a phase-separated mixed mono- 
layer with a molar ratio of behenic acid 
(C 21 H 43 COOH) to perfluorotetradecanoic 


acid (Q 3 F 27 COOH) of 2: 1 [59]. The sub- 
phase was water from a Milli-Q sys- 
tem containing 3 mM CaCl 2 and 0.1 mM 
NaOH (pH 9-10). The resulting mixed 
monolayers exhibited “side-by-side” struc- 
ture, as we would expect. From compari- 
son of the FFM image shown in Fig. 4(b) 
with previous HC and FC patterned sam- 
ples using silanization reagents [9], we 
could conclude safely that the frictional 
contrast of the present FFM images of 
the “side-by-side” monolayer was surpris- 
ingly low. The possible explanation of the 
low contrast is that compositions of the 
separated two phases can be similar to 
each other. To confirm the idea, we also 
observed a surface potential map of the 
same area with scanning surface potential 
microscopy (SSPM) [58, 60-62], 

The image of the surface potentials is 
shown in Fig. 4(c). It is known from the 
surface potential measurements of single 
component films [58] that the difference in 
the surface potentials between the pure FC 
and the pure HC domains is expected to be 
ca 1.3 V. The potential difference observed 
in Fig. 4(c) was found to be only 0.2 V [59]. 
The result clearly supports the idea that the 
low contrast in FFM image reflects similar 



0.00 nm 3.10 nm -136.3 mV -121.1 mV 272.3 mV 480.5 mV 


(a) (b) (c) 

Fig. 4 22 x 22 pm 2 (256 x 128) images of (a) an AFM topography, (b) an FFM 
friction observed simultaneously by contact-mode AFM, and (c) a surface potential 
mapping by SSPM of the same area of a mixed monolayer of behenic acid and 
perfluorotetradecanoic acid with a molar ratio of 2 : 1 deposited on an oxidized 
n-type Si (1 1 1) surface using a gold-coated tip. 
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compositions of the separated two phases. 
In this way, simultaneous observation 
of FFM and SSPM images of the same 
samples is useful to chemical recognition 
of the phase-separated domains. As the 
other useful combinations of two different 
methods, we already demonstrated that 
combination of scanning near-field optical 
microscopy (SNOM) with FFM [63] or 
SSPM [64] is a powerful tool for chemical 
recognition with lateral resolutions of 
submicron scales. 

6. 2. 5. 3 CFM of Patterned Surfaces 
Prepared by /t-CP 

To develop a new method by which we 
can study the mixing of two compo- 
nents in each domain in the patterned 
surfaces, we studied CFM of patterned sur- 
faces prepared by /U.-CP methods. Figure 5 
shows a comparison between the patterned 
samples prepared by two different p-CP 
methods, that is, the wet-inking and the 
contact-inking methods [57]. All adhesive 
force maps in Fig. 5 were observed in a 
0.1 mM NaHCC>3 aqueous solution us- 
ing a CH3 tip on three samples. The 
z-piezo was modulated sinusoidally at a 
frequency of 0.5 kHz with amplitudes of 


ca 30-70 nm. Figures 5(a) and (b) are 10 x 
10 pm 2 adhesive force maps of the samples 
prepared by the contact-inking method, 
using ink pads impregnated with 0.1 mM 
ethanol solutions of 1-hexadecanethiol and 
1-octanethiol, respectively [56]. For com- 
parison, in Fig. 5(c) is shown an image 
of adhesive forces observed on a sam- 
ple prepared by the wet-inking method 
with 0.1 mM 1-hexadecanethiol ethanol 
solution [56]. The latter sample was pre- 
pared with 30 seconds for both the inking 
and the stamping time. Although the 
conditions, such as the solution concen- 
tration for impregnation and the times 
for inking and stamping, have not been 
optimized yet, the contrast of the ad- 
hesive forces was observed on the pat- 
terned samples prepared by the contact- 
inking method as shown in Figs. 5(a) 
and (b). 

It is most interesting to note that the 
widths observed on the samples prepared 
by the contact-inking method were 1.0 pm 
for both cases using ink pads impregnated 
with 1-hexadecanethiol and 1-octanethiol 
as shown in Figs. 5(a) and (b), respectively, 
while the width for the sample prepared 
by the wet- inking method was 1.25 pm as 
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Fig. 5 10x10 pm 2 (256 x 128) CFM images of 

patterned samples prepared by the 
contact-inking method using a 0.1 mM ethanol 
solution of 1 -alkanethiol CH3(CH2)„SH with 
different chain lengths (a) n = 1 5 and (b) n = 7, 
respectively, and by the wet-inking method with 


(c) n = 15, followed by the further reaction with 
HOOC(CH 2 )ioSH. The inking only on faces of 
the convexities is possible by the contact-inking 
method, which prevents any noticeable spread of 
thiols from the points of contact. 
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Fig. 6 The loss of contrast in adhesive 
force mapping by the vapor phase 
transfer. 

shown in Fig. 5(c). In terms of the spa- 
tial resolution of the printed pattern, it 
was found clearly that the contact-inking 
method was much better than the wet- 
inking method. As to the defect density 
on the printed area, a further study will 
be necessary for the optimization of the 
contact-inking method, because the de- 
fect density seemed to be higher for the 
samples prepared by the contact-inking 
method than those by the wet-inking 
method when the same thiol concentra- 
tion was used for impregnation and for 
wet inking. This was concluded from the 
less clear peak separation in their his- 
tograms of the adhesive force mappings 
on the patterned samples prepared with 
the contact-inking method than the wet- 
inking method. In other words, mixed 
SAMs were formed over the printed area 
through the further chemical modification 
with HOOC(CH 2 )ioSH due to the much 
higher defect concentration in the printed 
area with the contact-inking method. 

In the case of the wet-inking method, the 
contamination via vapor phase transfer can 
be expected to increase with the decrease 
in the chain lengths of alkanethiols due to 
the increase in their vapor pressures [65]. 
Therefore, in addition to the sample used 
for Fig. 5(c), other samples were prepared 
using 1-alkanethiols, CH3(CH2)„SH with 
different chain lengths of n = 11 and 19 
as inks in the wet-inking method. It is 
clear from these adhesive force maps that 
the contrast of the adhesive force map be- 
comes better as the chain length increases. 
It seems to be possible in the beginning 
that the improvement of the contrast may 
be interpreted by the lower amount of 
contamination of the unprinted area by va- 
por phase transfer. To express the degree 
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of contamination more quantitatively, we 
had to make histograms from the adhesive 
force maps as illustrated in Fig. 6. It was 
found from the histograms (not shown) 
that average adhesive forces in the CFI3 
and the COOH terminated regions could 
be obtained readily and that the values 
were always higher in the CH3 regions 
than in the COOH regions with the CH3 
tip in the aqueous environment. In addi- 
tion, it was also found that the two peaks 
corresponding to the high and low adhe- 
sive forces on the CH3 and the COOH 
region, respectively, separate more clearly 
with the increase in the chain lengths. 
The results looked as if the unprinted re- 
gions were covered with a mixed SAM 
of HOOC(CH 2 )i 0 SH and CH 3 (CH 2 )„SH 
and the concentration of l-allcanethiol 
in the mixed SAMs increased with the 
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decrease in the chain lengths as shown in 
Fig. 6. It was found later, however, from 
the more careful and quantitative adhesive 
force measurements that this explanation 
is not correct. 

For a quantitative comparison among 
measured adhesive forces on different 
samples, a series of measurements were 
carried out using the same CH3 tip. An 
example is shown in Fig. 7, in which im- 
ages were taken in this order (from left 
to right). The same AFM tip was used to 
avoid the change in the observed adhe- 
sive force due to the change in the tip 
radii. In addition, after every PFM-AFM 
imaging, the tip surface was reactivated 
by chemical modification with the same 
alkanethiol to avoid the effect of surface 
damage or surface contamination of the 
CH3 tip. Finally, the same test sample was 
observed to confirm reproducible quan- 
titative adhesive force measurements. As 
shown in Fig. 7, adhesive forces observed 
on the CH3-terminal group decreased with 
the decrease in the chain lengths of the 


first inks. The results indicate that the 
vapor phase transfer mechanism is not ap- 
plicable to the decrease in the observed 
contrast in the adhesive force mapping. 
Rather, insufficient ink transfer even in 
the wet-inking method was found to be 
responsible for the decrease in the con- 
trast. That is, the mixed monolayer was 
formed in the printed areas, where the 
second thiol HOOC(CH2 )ioSH was in- 
serted into defects during the following 
reaction in solution, and became more 
hydrophilic with the decrease in chain 
lengths of the first alkane thiol ink due 
to exposure or protrusion of the terminal 
— COOH group. 

6 . 2.6 

Effect of Experimental Environments and 
Surface Roughness 

The effects of experimental environments 
such as humid air [10, 49] and vari- 
ous solvents [66] have also been stud- 
ied extensively for friction and adhesive 
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Fig. 7 The adhesive force maps on patterns prepared by the wet-inking method with CH3 (CH 2 )„SH 
inks with different chain lengths followed by the further reaction with HOOC(CH2 )ioSH in ethanol. 




6.2 Scanning Probe Microscopies as Chemical Force microscopy for Self-assembled Monolayers 


505 


force measurements. These are important 
because basically the measured adhesive 
forces are related to surface energies as 
well as interfacial energies before and af- 
ter the contact [19, 20, 23, 27-31, 33-40]. 
These can be discussed in detail on 
the bases of intermolecular and surface 
forces [66]. Effects of the surface rough- 
ness of samples have been also studied in 
detail and discussed in terms of surface 
forces [55]. 

6.2.7 

Other Approaches for CFM 

Friction and adhesive forces have been 
used widely as measurable properties [67], 
which can be obtained easily by SPM 
(Scanning Probe Microscopy) as described 
above. However, other properties such 
as surface potentials or contact poten- 
tial difference (CPD) [29, 58-62], phases 
in tapping mode AFM [68, 69], and fluo- 
rescence intensities under SNOM [70-76] 
can be used for CFM [17, 67, 77]. 

To increase lateral resolution in CFM, 
Lieber and co workers [78-80] have utilized 
carbon nanotubes (CNs) as an AFM 
tip for CFM. The tip end of CNs can 
be functionalized by using a chemical 
modification of graphite [21]. 

Molecular-scale imaging in FFM [46, 
81], PFM-AFM [82], noncontact atomic 
force microscopy (nc-AFM) [83-88] and 
anisotropy in friction and molecular stick- 
slip motion [89] have been discussed. 
Other important issues in CFM are chi- 
ral discrimination [90-92] and calibration 
of AFM cantilever spring constants [67, 93, 
94] and tip radii [39, 95], 

6 . 2.8 

Concluding Remarks 

Dependence of friction and adhesion on 
surface chemical species on samples has 


been studied by FFM and PFM-AFM, 
respectively, using chemically modified 
AFM tips. Here, we have concentrated 
on (1) how to modify gold-coated AFM 
tips reproducibly with thiol compounds, 
(2) examination of chemical recognition of 
Si(100) surfaces partially covered with HC 
monolayer domains using the modified 
tips, (3) dependence of friction and adhe- 
sion on composition of phase-separated 
domains in mixed HC and FC LB films, 

(4) CFM of SAMs prepared by pt-CP, and 

(5) effects of experimental environments 
and surface roughness. These films were 
also studied with SSPM, which provided 
information on permanent dipole mo- 
ments of the terminal groups. Application 
of phase imaging by tapping mode AFM, 
SNOM with tip-sample separation control 
by AFM (SNOM-AFM), and nc-AFM to 
chemical or atomic recognition were also 
introduced. 
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7.1 

Sum Frequency Generation (SFG) 

Evaluation of the Chemically Modified Solid 
Surface 

Shen Ye, Kohei Uosaki 
Hokkaido University, Sapporo, Japan 

7.1.1 

Introduction 

It is well known that the surface/interface 
of materials usually exhibits properties 
and behaviors that are considerably dif- 
ferent from the bulk phase. The func- 
tionality of the solid surface modified 
by an organic thin film, such as a 
self-assembled monolayer (SAM), Lang- 
muir-Blodgett (LB) ultrathin film or poly- 
mer thin film, depends significantly on its 
surface molecular structure [1-4]. There- 
fore, elucidation and control of the surface 
molecular structure is essential to under- 
stand the novel functionality introduced 
by the modification. Most existing sur- 
face techniques require the sample to be 
placed in an ultrahigh vacuum (UHV) 
environment [5] and are therefore unsuit- 
able for studies in either air or liquid. 
On the other hand, as comprehensively 
reviewed in this chapter, a number of 
modern instrumental analysis methods, 
such as infrared reflection absorption 


spectroscopy (IRRAS), Raman scattering, 
surface plasmon resonance (SPR) and el- 
lipsometry, can provide useful information 
about the molecular structure, orientation, 
and conformation on the modified elec- 
trode surfaces under both ex situ and 
in situ conditions. Most of these optical 
techniques are, however, not intrinsically 
surface-specific, and hence it is hard to 
distinguish the contribution from the sur- 
face and bulk of the materials (e.g. LB or 
polymer thin films). Scanning tunneling 
microscope (STM) and atomic force mi- 
croscope (AFM) measurements can probe 
the surface morphology with an atomic 
resolution. Difficulties are, however, often 
encountered to explain the real meaning 
of the image observed because it does 
not always provide direct structural in- 
formation of the molecules arranged on 
the surface. Surface enhanced Raman 
scattering (SERS) [6-8] and surface en- 
hanced infrared absorption spectroscopy 
(SEIRAS) [9] are used to detect the surface 
species but difficulties in sample prepara- 
tion and quantitative spectral analysis limit 
their application. 

As a 2nd-order nonlinear optical tech- 
nique, sum frequency generation (SFG) 
is attracting much attention in surface 
science due to its high surface selectiv- 
ity, sensitivity, and versatile applicabil- 
ity, and is now used at the gas/solid, 
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gas /liquid, liquid/liquid, solid/solid, and 
liquid/solid interfaces in various environ- 
ments (UHV, air, liquid, etc.) [10-12]. 
Not only the static interfacial molecular 
structures [13-20] but also the ultrafast 
surface dynamics [21-27] can be inves- 
tigated by this method. The number 
of papers on experimental and theoret- 
ical SFG studies is increasing rapidly 
in the multidisciplinary research field 
of physics, chemistry, polymer science, 
and biophysics. A great deal of valu- 
able structure information at the inter- 
face has been acquired by the nonlinear 
optical technique, which is difficult to 
obtain by the conventional vibrational 
spectroscopy. 

In this section, after an introduction on 
theory and experimental setup of SFG, we 
will briefly review some recent results of 
SFG studies on the interfacial molecular 
structure of the solid surface modified by 
organic thin films. It should be mentioned 
here that SFG is still in its infancy com- 
pared to infrared and Raman spectroscopy. 
More efforts including theoretical analy- 
sis [28-33] are required to understand its 
real capability and to make this method as 
a routine spectroscopic technique. 

7 . 1.2 

Theory 

In an electric field (E), a dipole moment 
(fi) in a molecule can be induced as a result 
of charge separation and can be written as 
a power series of E [10, 34]: 


— q + E E a ij Ej + ^ ^ fiijk Ej Ek 
i j i jk 

+ EE YijklE j EkEi 4 ( 1 ) 

i jkl 


where q° is the static dipole moment, 
a is the linear polarizability while /J 
and y are the 1 st and 2nd hyperpo- 
larizabilities representing the nonlinear 
response to the field, a, fi, and y are 
tensors of rank 2, 3, and 4 respectively, 
and consist of 9 (3 2 ), 27 (3 3 ), and 81 
(3 4 ) elements. For example, the tensor 
element dyk represents Cartesian compo- 
nent i ( i=x,y,z ) of the hyperpolariz- 
ability induced by Cartesian components 
j and k (j, k = x,y,z) of the elec- 
tric field, respectively. For convenience, 
/ i (n) is usually expressed by the shorter 
notation a • E{n = 1), ft : EE(n = 2), and 
y\EEE(n = 3). 

Generally, in bulk material, it is more 
convenient to express the response to 
the external electric field in terms of 
the polarization (P), which is defined 
as the average dipole moment per unit 
volume: 

P = N (n) 

= p( 0) + p(D + p( 2) + p( 3) ^ 

= R (0) + x (1) • E + E E Xdjk E jE k 

i jk 

+EE4h £ ^ £ '+--- 

i jkl 

= p (0) + X (1) ■ E + x a) ■ EE 

+ X {i) :EEE + ■■■ (2) 

where N is the molecule density and the 
angular bracket indicates an ensemble av- 
erage over all of the dipoles in the medium. 
X (,) is the ith-order susceptibility as an 
(i + 1) rank tensor. It is worth noting that 
the field in the above equations is the total 
field applied, which can be a superposition 
of many fields at different frequencies. 
When the total field is expanded in terms 
of its Fourier components, the polarization 
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will consist of several components oscillat- 
ing at various frequencies. For example, 
if the total field consists of two waves 
oscillating at w\ and u >2 (E\{r) ■ coso>if, 
E 2 (r) • cosci> 2 ?), then the 2nd-order non- 
linear polarization P [2) can be written as: 


P Q) =x (2) . EE 
= X (2) : (E 1 + E 2 )(E 1 + E 2 ) 


1 

2 


C + : £i(r)£i(r)cos2 co\t 

+X (2) : E 2 (r)E 2 (r ) cos 2 coit 
+2/ (2) : £i (r ) £" 2 (r ) [cos (ail + on)t 

. + COS(ftJl — 0)2)t] 

(3) 


where C equals x (2) '■ E\(r)E\(r)+x (2) '■ 
E 2 (r)E 2 (r). As shown in Eq. (3), P {22> 
radiation has components oscillating at 
double (2<wi, 2 022 ), sum (a)\+u> 2 ), dif- 
ference frequencies (co 1 — 022 ) of the two 
applied fields, and a DC term at zero fre- 
quency. The oscillating polarizations will 
emit light at diverse frequencies (co) with 
intensities proportional to the square of 
each P ® (w) [10, 34]. This is the origin 
for the 2nd-order nonlinear optical pro- 
cess such as second harmonic generation 
(SHG), SFG and difference frequency gen- 
eration (DFG). It is clear that SHG can be 
regarded as a special case of SFG when 
ft> 1 = 0)2- 

As shown in Eq. (3), P i2) depends on 
the magnitude of x (2) • Since x (2) is in- 
variant in a centrosymmetric material but 
changes its sign by the inversion oper- 
ation, x (2) must be zero in the bulk 
medium with inversion symmetry, that is, 
the intrinsic symmetry properties of x (2) 
forbid 2nd-order nonlinear processes to 
occur in centrosymmetric materials such 
as gases, liquids, and a large number of 
solids [10-12]. Under the electric dipole 
approximation, P {2) radiation only oc- 
curs in noncentrosymmetric solids and 
at interfaces between centrosymmetric 


media where the bulk symmetry is bro- 
ken [10]. Therefore, P <2) radiation (SFG, 
DFG, and SHG) can be used to probe 
the physical and chemical properties of 
surfaces or interfaces of centrosymmet- 
ric materials. 

Let us consider an SFG process in which 
two laser beams oscillating at visible (®vi S ) 
and infrared (o>ir) frequencies are mixed 
on an interface in (a) copropagating and 
(b) counterpropagating incident geometry 
as shown in Fig. 1. The interface is 
assumed to be in the xy-plane while 
the incident plane of the visible and IR 
beams are taken to be in the xz-plane 
in the Cartesian coordinate system in 
the laboratory. 

Since the energy (E = hw) and mo- 
mentum parallel to the light propagating 
direction are conserved [10], we have 


«SFG = «vis + <wir (4a) 

R.v.SFG = Px, vis T Px . I R (4b) 


As p = h/X and co=2nc/X, the above 
equations can be written as. 


1 

2-SFG 

sinflsFG 

2-sfg 


1 1 

2-vis 2.JR 

sin^vis ^ sin0iR 
2-vis 2-iR 


(5a) 

(5b) 


Thus, SFG wavelength (2 sfg) and its 
emitting direction ($sfg) can be exactly 
calculated from the incident beam condi- 
tions. In the case of DFG, similarly, we 
have, 


1 

2-dfg 

sind D FG 

2-dfg 


1 1 

2-vis 2 -ir 

sin 0 V i S sin $ir 

2-vis 2 -ir 


(6a) 

(6b) 


that is, both SFG and DFG from a surface 
are coherent and are propagating in a well- 
defined direction away from the surface. 
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Copropagating geometry 


"IR 


"SFG 


w vis 


(a) 


Fig. 1 I ncident and emitted 
light for SFC using 

(a) copropagating and 

(b) counterpropagating incident 
geometry. The visible (avis; 

800 nm) and IR (wir, 3300 nm) 
lasers are incident at 65° and 
50°, respectively. A Cartesian 
coordination system is shown 
as inset. See text for details. 


Counter-propagating geometry 



Under the electric dipole approximation, 
and assuming that both co su m and ojyis 
are far away from electronic resonance 
in the molecule, x^ ,<:an be expressed 
as [35, 36], 


( 2 ) NMjjAk 

X V k “ fi(w lR -co v + i T y ) 


(7) 


where w v and F„ are resonant frequency 
and damping width for an excited vth 
vibrational level, respectively. M,j and A* 
are the Raman polarizability tensor and 
IR dipole moment of the vth vibrational 
mode, respectively. According to Eq. (7), 
a vibrational mode must be both IR 
(Ak ^ 0) and Raman (Mjj ^ 0) active to 
give rise to SFG. When the frequency of 
IR (coir) is equal to a> v , x (2) is resonantly 
enhanced and a peak is observed in the 
SFG spectrum. By measuring an SFG 
spectrum as a function of IR frequency, the 
vibrational modes of the molecules at the 
surface/interface can be probed. It should 


be noted here that the excited states for 
visible and SFG light may be virtual ones 
in the IR-resonant SFG spectroscopy. SFG 
spectrum is expected to be enhanced when 
visible and/or SFG are doubly resonant 
with existing surface states as expected by 
theory and experiments [31, 37]. 

By measuring individual x (2 \ one can 
determine the structure and orientation 
of the molecule on the interface. As de- 
scribed above, x (2) is a tensor of rank 3 
and has 27 elements. However, the num- 
ber of the nonzero x (2) elements can 
be often reduced by invoking symmetry 
constraints. For example, there are only 
four independent nonzero elements for a 

surface with azimuthally isotropic symme- 

4 . ( 2 ) ( 2 ) ( 2 ) ( 2 ) ( 2 ) ( 2 ) 

Li /* A zzzi A xxz — Ayyz-> a xzx — Ayzy-> A zxx — 

( 2 ) 

Xzyy ■ A surface with the C 3 V symmetry 

only consists of five independent elements 

( 2 ) ( 2 ) ( 2 ) ( 2 ) ( 2 ) ( 2 ) 

^ a zzzt A xxz — a yyzi a xzx — Ayzyi A zxx — 

(2) (2) (2) (2) (2) r1n 
Xzyy; Xxxx — Xyyx — Xxyy — Xyxy- [10, 

38, 39] 
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It should be mentioned here that these 
nonlinear polarizations are important only 
when an intense electric field is applied 
(~10 10 -10 12 V m _1 ), which is usually 
generated by a pulsed laser. Generally, the 
SFG intensity in terms of photon per pulse 
can be expressed by [12]: 


5(o> s ) = AT 

nejsFG 

_ 87r 3 a;|p G sec 2 0 S fg 
ftc 3 »SFG«vis»IR 


EE b// fe>SFG)Xyfc Ljj(Wy is) 
i j,k 


x Taa(®Ir) 


A^ArAT (8) 


the molecular structure on the interface, 
it is necessary to determine the individ- 
ual x (2) components. As shown in Eq. 8, 
the Fresnel coefficient, which can be also 
regarded as a field correction, is impor- 
tant to determine the absolute value of 
X (2) and is also useful to optimize the 
experimental conditions (see below). Usu- 
ally, x (2) elements are determined from 
the SFG measurements with different po- 
larization combination, such as ssp, sps, 
pss, and ppp, where the polarizations are 
listed in the order of decreasing frequency 
(SFG, visible and infrared). For example, 
the SFG intensities of an isotropic sur- 
face with the polarization combinations of 
ssp, sps, and ppp can be related to their 


Here /sfg> Ads, and Ar are the power 
densities of SFG, visible and infrared 
beams, respectively, while n w is the 
refractive index. A is the beam cross- 
section at the interface and T is the 
pulse duration. La, Ljj t and L kk (i, h k = 
x, y, z) are the Fresnel coefficients relating 
the input field to the field in the interfacial 
layer and are given by [15]: 


L X x hv) 


Ly y(co) 


Lzz (<h) 


2 n i (co) cos 92 

niico) cos 9\ +«i(«)cos02 
2 n i (co) cos 9\ 

ri2(a>) cos 62 + n\(co) cos 9\ 
2fl2(0)) cosdi 

«2(«)C0Sdi +«i(w)COS02 
\n'{w)) 


(9a) 

(9b) 


(9b) 


where n' is the refractive index of the in- 
terfacial layer between n 1 and n 2 . Since 
the interfacial layer is only one or a few 
monolayers thick, n! can be different from 
the bulk value. To quantitatively deduce 


Asp |Tyy 2 Sin0IR • Xyyz ' Ais A R (10a) 

Aps |Ty Z ySindvi S • Xyzyl ' AisAR (10b) 

fppp 

• ( 2 ) ? 

- L xxz cos 9 SFG COS 9 V is sin 6> IR ■ Xxxz 

(2) 

-L xzx cos 6 »sfg sin 6bis cos 6 >ir ■ Xxzx 

+L ZXX sin 0 S fg cos $vis COS 01 R • Xzll 
. . . ( 2 ) 
+L ZZZ sm 0 S FG sin ^vis sin dm • Xzzz I 

• AisAR (10c) 


where L ^ (i, j, k = x, y, z) is defined as a 
product of La (wsfg), L jj («vis)> and L kk 
(wir). Approximately, the ssp polarization 
is known to be sensitive to the vibrational 
modes with transition moments that have 
components perpendicular to the surface, 
whereas, the sps and pss to those parallel 
to the surface. The intensity under ppp 
polarization contains contributions from 
four elements, that is, both perpendicular 
and parallel components will be present in 
the ppp-polarized spectra. 
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7.1.3 

Quantitative Analysis of SFC Spectra 

Generally, both resonant (Xr^) and non- 

( 2 ) 

resonant (x NR ) components contribute to 
X (2) observed; thus, the intensity of an SFG 
spectrum can be expressed as: 


fsFG °c 


E ( 2 ) . ( 2 ) 

*R,u + ^NR 

V 

E^y iEv +^ 2 i e ~ isi(o) 

V 

E 


«ir — w v + i r„ 
2 


+ X^"'^ 


( 11 ) 


S(co) is a frequency-dependent phase for 
the nonresonant background, mainly from 
substrate. Here, e v is the relative phase 
angle for each vibrational mode. Nor- 
mally, one assumes that these resonance 
modes are in phase (e v = 0) or out of 
phase (s v = n), which can give rise to 
constructive or destructive interference 
between them. Furthermore, the phase 
difference, e v — S, between the resonance 
mode and nonresonant background will 
significantly affect the shape of the SFG 
spectra when the nonresonant background 
cannot be ignored. The Lorentzian-type 
function is usually employed to analyze 
the SFG spectra. 

Figure 2 gives an example to show how 
the shape of an SFG spectrum is consid- 
erably influenced by cross-section terms 
in Eq. (11). The dotted lines in Figs. (2a 



Wavenumber 

[cm -1 ] 

Fig. 2 S imulation of SFG spectra using Eq. (11) with two resonance modes 
(n;i = 2900 cm -1 , a>-\ = 3200 cm -1 ) under the following conditions: 

(a) /An = 1 5, Ti = 1 0, A 2 = 1 50, T 2 = 1 50, xnr = 0, ei = £2 = 0; (b) same with 

(a) except £2 = tr; (c) same with (a) except /nr = 0-5 and 5 = 0; (d) same with 

(b) except xnr = 0-5 and 5 = 0. See text for details. 
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and b) show the simulated SFG spectra 
from two independent resonance modes 
at 2900 cm -1 (A\ = 15, Tj = 10) and 
3200 cm" 1 (A 2 = 150, F 2 = 150), where 
the nonresonant background is assumed 
to be zero (|/nrI = 0) and where the up- 
ward peak components have a phase angle 
of 0 and the downward peak components 
have a phase angle of tt. If the two peak 
components are in phase ( e\ = e 2 = 0, 
Fig. 2a), the SFG spectrum shows a small 
tail on the lower wavenumber side of 
Peak 1 and a deep valley between Peak 

1 and 2. If the two peak components are 
out of phase £y = 0, e 2 = tt, Fig. 2b), the 
SFG intensity on the region of Peak 1 is 
lower and the valley between Peaks 1 and 

2 is shallower than that of e\ = e 2 = 0. 
Furthermore, Figs. (2c and 2d) show the 
same result as that shown in Figs. (2a 
and 2b) except an additional nonreso- 
nant background (|/nrI = 0.5, 5 = 0) is 
included, respectively. Again, the spectral 
shape and relative intensity in the sim- 
ulated SFG spectra are largely affected by 
the phase and relative intensity of each res- 
onant component as well as those of the 
nonresonant signal. The effect of the non- 
resonant signal becomes very important 
when some metal substrates, such as Au 
and Ag, are used, which have electronic 
transition bands in the visible frequency 
region in the normal SFG measurement. 
Therefore, to quantitatively extract the in- 
formation of the vibrational mode (such 
as frequencies, line widths, and mode 
strengths) , generally, one has to fit the SFG 
spectrum by using an appropriate expres- 
sion for/ (2) such as Eq. (11). A quantitative 
discussion is not possible until a reliable 
fitting analysis for the SFG spectrum has 
been carried out. 

SFG spectroscopy has been successfully 
applied to determine the orientation and 
conformation of a lot of groups, such as 


methyl (CH3) [38-41] and phenyl [42-44] 
on many organic thin film surfaces. As 
an example, a brief description about the 
procedures for estimating the orientation 
of the CH3 group in a long-chain hydro- 
carbon molecule is given below. 

Hirose et al. treated the local symmetry 
of the terminal CH3 group in a hydro- 
carbon molecule to a distorted C3 V and 
discussed the formulas for the analysis of 
the C-H stretching modes of CH3 group 
observed by SFG measurements [38, 39]. 
On the basis of these discussions, x {2) ex- 
pressions for the symmetric(s) and asym- 
metric (as) C-H stretching modes of CH3 
group can be given in Eqs. (12) and (13), 
respectively [41]. 

( 2 ) N LyyzficCC 

Xyyz.S 2 

x [( r + l)(cos0) + (r — l)(cos 3 0)] 

(12a) 

(2) ^ LyzyficCC 

Xyzy.s 2 

X [( r — 1)«COS0) — (cos 3 0))] 

(12b) 

Xyyi.as = -NLyyzPcoM cos6>) - (cos 3 6>)) 

(13a) 

Xyzy.as = N Lyzyftcaa (C-OS 3 6) (13b) 

where r = PaadPccc is the ratio be- 
tween the two independent components 
of the molecular hyperpolarizability in a 
molecular-fixed coordinate (a, b,c), and 6 
is defined as the tilt angle between the c 
axis of the methyl group and the surface 
normal. () denotes ensemble average by a 
distribution function. From Eqs. (12) and 
(13), we have 

Lyyz (cos 6) — (cos 3 0) 

Lyzy (cos 3 0 ) 


(2) 

Xyyz.as 

( 2 ) 

Xyzy.as 


(14a) 




Pcaa/Pccc ■ On the basis of the molecular 
hyperpolarizabilities for the CH 3 group 
calculated by Hirose et al., we have p caa ^ 
—fiaac [41]- Equation (14b) can be further 
reduced to 


Since the intensities of SFG spectra with 

ssp- and sps-polarization on an isotropic 

( 2 ) 

surface can be directly related to Xyyz 
and Xyzyt respectively, if one can ob- 
tain both ssp- and sps-SFG spectra for 
the same sample, the tilt angle (6) of 
the terminal CH 3 group and therefore, 
the tilt angle (a) of the hydrocarbon 
chain (a = 35.2 — 0) can be estimated 
from Eq. (14a), after considering the ef- 
fects of the Fresnel coefficients for the 
geometry used. Both equations should 
give similar results if the model is consis- 
tent. If only ssp-polarized SFG spectrum 
is available, one has to use Eq. (14b) to 
do the estimation. However, a number 
of unknown parameters are included in 
the Eq. (14b), that is, fiaac/Pccc (= >') and 


Xyyz, as ~ (COSO) - (COS 3 9) 

X^zs (cos 0 )(l+r) — (cos 3 0)(l—r) 

(14c) 

A range of values of r has been reported 
between 4 and 1.5 [41,45-47]. Fig. 3 shows 
a calculation of Xyyz,as/Zyyz,s as a function 
of orientation of angle (6) based on the 
Eq. (14c). Fortunately, the ratio is not very 
sensitive to r when the 0 is less than 
40° [48-50]. Generally, the calculations 
using both Eq. (14a or b) should give 
similar results otherwise the calculation 
results are not reliable. 

7.1.4 

Experimental Setup 

Two pulsed laser beams are spatially and 
temporally overlapped on an interface 
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Fig. 3 Theoretical ratio ( R = A y))z-as /A yl , ZiS ) of methyl group as 
a function of the tile angle 9 for several possible values of r 
(fiaac / ficcc) ■ The calculation assumes a 5-function angular 
distribution. See text for details. 
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to generate an SFG signal. In general, 
frequency of the visible beam is fixed in 
the visible, near-IR or UV region (ctvis), 
while that of IR beam is tunable in the 
infrared region (<mir). 

Generation of a tunable infrared laser 
is the most important aspect of the IR- 
visible resonant SFG spectroscopy. The 
surface SFG spectrum was not realized 
until the tunable IR source became avail- 
able [51, 52]. Now, there are a number 
of ways to generate the infrared pulse 
for SFG measurements. (1) Free-electron 
laser (FEL): FEL is based on the genera- 
tion of coherent light by the interaction 
of relativistic electrons with a periodic 
transverse magnetic field structure and 
provides a tunable ps-fs infrared beam 
in a wide region from 2.5 pm to several 
hundred micrometers, which covers the 
entire molecular vibration and rotation re- 
gion [53]. Two FELs have been used for 
SFG: CLIO (France) and FELIX (Nether- 
lands) [54-57]. FEL is especially useful for 
wavelengths longer than 10 pm [58] but 
is still too expensive and complicated for 
normal use. (2) Raman shifting: The out- 
put from a tunable dye-laser is directed 
into a high-pressure multipass cell con- 
taining a scattering gas such as H 2 and 
its wavelength is down-converted to lower 
wavelengths by the process of stimulated 
Raman scattering (SRS). A photon effi- 
ciency of >20% can be routinely achieved 
with this method for IR wavelength 
up to 5 pm [13]. (3) OPG/OPA/DFG: this 
method has been widely adopted with the 
progress in all-solid laser and amplifier 
techniques. By frequency mixing of two 
synchronous beams (signal, idler, or pump 
light) generated by an optical paramet- 
ric generation/amplification (OPG/OPA) 
stage, in a nonlinear crystal (such as 
AgGaS 2 , LiNbC> 3 , and GaSe), a tunable 
IR pulse with wavelengths as long as 


10 pm (15 pm when GaSe is used) can be 
obtained in the DFG process. A number 
of homebuilt and commercial systems are 
available [15-17]. 

On the other hand, the second harmonic 
(532 nm) and fundamental (1064 nm) out- 
put from ns (nanosecond) -ps (picosec- 
ond) Nd:YAG laser as well as fundamental 
output (~800 nm) from ps (picosec- 
ond) -fs (femtosecond) Ti:Sapphire laser 
are widely used as visible beams [15-17]. 
By using the OPA/OPG techniques, one 
can also change the frequency of the visi- 
ble beam now, which is especially useful 
in the doubly resonant SFG measurement. 

SFG signal can be collected by a gated 
photomultiplier tube (PMT) or by charge 
coupled devices (CCD) with spectral fil- 
tering and polarization regulation. On 
the basis of Eq. (8), normally, a ps laser 
system can yield 10 3 -10 5 SFG peak pho- 
tons /pulse depending on the beam density 
{X <2) ~ 10 -15 esu, a typical value for a 
monolayer) [12]. Since the SFG radiation 
is coherent and highly directional, the spa- 
tial filtering can be easily employed in 
addition to spectral filtering to suppress 
the unwanted luminescence and scatter- 
ing background noise. Assuming the noise 
level of a detection system is 0.1 pho- 
ton/pulse and the detection efficiency is 
10% (which are not difficult to obtain for 
present optical detection systems using 
PMTs or CCD), the signal-to-noise (S/N) 
ratio is expected to be ca. 10 3 -10 5 . 

To date, SFG has been carried out mainly 
with ns or ps light pulses, which typi- 
cally have bandwidths narrow enough (< 
several wavenumbers) for the vibrational 
spectroscopy measurements. One has to 
scan the IR wavelength during the mea- 
surement and it is hard to get an SFG 
spectrum with high time resolution. On 
the other hand, the heating effect and 
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sample damage are other problems for 
using ns laser pulses. 

Since SFG intensity is inversely pro- 
portional to the pulse duration, the fs 
ultrashort laser pulse is expected to give 
even better performance in SFG measure- 
ments [12]. However, as the pulse duration 
is as short as fs, the frequency bandwidth 
becomes too wide, which cannot be ig- 
nored for vibrational spectroscopy. The 
pulse duration (At, FWHM) and spectral 
width (Av, FWHM) of an ultrashort pulse 
with the Gaussian shape are related to 
each other by the uncertainty principle in 
quantum mechanics as [59]: 

At ■ Ay > 0.441 (15) 

When the equality is reached in Eq. 15, the 
pulse is called a Fourier transform-limited 
pulse. For example, a pulse with duration 
of 10 ps has a minimum spectral band- 
width Ay = 4.41 x 10 10 Hz, that is, Aw = 
1.47 cm -1 . This spectral width is narrow 
enough to probe most vibrational struc- 
tures. When the pulse duration becomes 
100 times shorter, At = 100 fs, then Ay = 
4.41 x 10 12 Hz (Aw = 147 cm -1 ). This 
spectral width is too wide to investigate 
any fine band structures in vibrational 
spectroscopy; so fs ultrashort pulses were 
considered to be unsuitable for vibrational 
spectroscopy. Recently, this situation has 
changed completely and fs pulses are em- 
ployed for SFG vibrational spectroscopy 
after several significant progresses [56, 60]. 
Richter et al. self-dispersed the broadband 
SFG signal generated by an fs IR pulse and 
a narrowband ps visible pulse, which are 
generated from a table-top fs laser source, 
onto a monochromator with a CCD de- 
tector [60]. SFG spectra are obtained with 
relatively short acquisition times and a 
high S/N ratio in a spectral region of ca. 
400 cm -1 without tuning IR wavelength. 


The spectral resolution depends on the in- 
put pulse characteristics, particularly the 
bandwidth of the narrowed visible pulse. 
Ishibashi et al. generated the narrowband 
visible pulse (X = 400 nm) using a phase- 
conjugated pulse mixing device with a 
higher (~30%) conversion efficiency [61]. 
This pulse can be further used to pump an 
OP A to obtain wavelength-tunable narrow- 
bandwidth ps laser light in the visible and 
near-IR region [62]. The SFG systems us- 
ing fs pulses are now adopted in several 
labs for the studies of static molecular 
structures [63-66] as well as ultrafast dy- 
namics [67]. 

Shen et al. proposed a different Fourier 
transform (FT) approach using fs pulses 
that combines a virtually unlimited spec- 
tral resolution with high SFG signals [68]. 
By varying time delay between two fs IR 
pulses using a Michelson interferometer, 
interferograms based on the SFG gener- 
ated from the I R beams and a visible beam 
at various delays of visible beam can be 
obtained. FT of the interferograms yielded 
the SFG spectra of the organic monolayer 
on the fused quartz surface which is in 
agreement with that obtained by conven- 
tional SFG measurement. It is expected 
that an FT- SFG spectrometer with a high 
resolution can be commercialized by com- 
bining with the Michelson interferometer 
widely used in FTIR spectrometers. 

Table 1 briefly summarizes the recent 
information about the visible and IR light 
sources used in main groups in the world. 
It is expected that SFG spectroscopy will 
be widely employed in more labs such as 
physical chemistry, electrochemistry, and 
biophysics if the ultrashort all-solid laser 
systems become cheaper and reliable. 

As already shown in Fig. 1, the incident 
geometry in the SFG measurement can be 
either copropagating or counterpropagat- 
ing [13]. With ns or ps pulses, as estimated 
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Tab. 1 Several selected SFG groups and their recent studies 



SFG system 



Visible 

IR 


Shen group 
(UC Berkeley) 

532 nm, 20 ps 

1 .064 pm, 25 ps 

800 nm, 100 fs 

2.5-9 pm 

3. 2-3. 6 pm 

2. 7-3. 6 pm 

• Liquid [69-79] 

• Surfactant [35, 80-84] 

• Polymer [44, 85-92] 

• Si(lll) [93-95] 

Davies group 
(Cambridge) 

532 nm, 8 ns 

Raman Shift 

• Surfactant [96-103] 

• LB and thin films [104, 105] 

• Nanoparticles [106, 107] 

Bain group 
(Oxford) 

532 nm, 3-4 ns 

1 700-3200 cm -1 
Raman shift 

• Surfactant [108-1 15] 

• Metal surface [1 1 6-1 1 9] 

• Phase transition [120-122] 

Tadjeddine group 
(CNRS) 

532 nm, 1 1 ps 

532 nm, 70 ps 

2.5-9 pm 

2-1 7 pm, ps-200 fs 
(CLIO-FEL) 

• Electrode interface [54, 
123-135] 

• Dynamics [23, 136] 

• SAMs [137-139] 

Eliel group 
(Leiden Univ.) 

532 nm, 7 ps 

10-50 pm, 0.5-2 ps 
(FELIX) 

• SAMs [55, 56, 58] 

Richter group 
(NIST) 

795-810 nm, 
50-100 fs 

2.5-12 pm (BB) 

• SAMs [60, 63, 140] 

• Polymer [43, 141-143] 

Uosaki group 
(Hokkaido Univ.) 

532/1064 nm, 20 ps 
800 nm, 100 fs 

2. 3-8. 5 pm 

2.5-10 pm (BB) 

• SAMs [144, 145] 

• Solid/solution [146-150] 

• Si(lll) [95, 151-153] 

Ishibashi group 
(KAST) 

400 nm, 5.3 ps 
variable 

2.5-10 pm (BB) 

• SAMs [61, 62, 154] 

• Si(lll) [155] 

Wolf group 
(Freie Univ. Berlin) 

800 nm, 110 fs 

2-10 pm (BB) 

• Dynamics [25, 26, 67, 156] 

• Water [157] 

Guyot-Sionnest group 
(Chicago Univ.) 

532 nm, 8 ps 

2-1 1 pm 

• SAM/electrode [158] 

• Dynamics [24, 159-161] 

Daum group 
(TU Clausthal) 

532 nm, 22 ps 

2.5-10 pm 

• Electrode [162-165] 

Somorjai group 
(UC Berkeley) 

532 nm, 20 ps 

2000-4000 cm" 1 

• Catalytic 
reaction [1 66-172] 

• Electrode 
surface [173-178] 

• Polymer [179-189] 

Chen group 
(Michigan Univ.) 

532 nm, 20 ps 

1000-4300 cm" 1 

• Polymer [18, 49, 190-200] 

Baldelli group 
(Houston Univ.) 

532 nm, 20 ps 

1000-4000 cm" 1 

• Liquid [201] 

Gewirth group 
(Univ of 1 1 li nos) 

532 nm, 1 2 ps 

4-10 pm 

• Electrode [202] 

Peremans group 
(Univ. Notre-Dame) 

532 nm, 1 2 ps 

2.5-10 pm 

• Electrode [148] 

• SAMs [139, 203-205] 


( continued overleaf) 
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Tab. 1 ( continued ) 


SFC system 


Visible IR 


Dhinojwala group 
(Univ. of Akron) 

800 nm, 1 5 ns 

2700-3200 cm' 1 

• Polymer [42, 48, 206-208] 

Richmond group 
(Univ. of Oregon) 

800 nm, 2 ps 

2700-4000 cm' 1 

• Liquid interface [19, 

209-223] 

• Solid/liquid [224-226] 

Cremer group 
(Texas A&M) 

532 nm, 21 ps 

2800-3600 cm -1 

• Water interface [227-234] 

Yeganeh group 
(Exxon) 

532 nm, 7 ns 

2.5-10 pm 

• Solid/solution [235-237] 

• Organic thin 
films [238-240] 

Wolfrum group 
(Munchen Tech. Univ.) 

532 nm, 2.7 ps 

2400-4200 cm" 1 

• Liquid [45, 241-243] 

• Lipid [244, 245] 

Shultz group 
(Tufts Univ.) 

532 nm, 20 ps 

2500-4000 cm -1 

• Liquid [246-252] 

• Ti0 2 film [253, 254] 

Allen group 

800 nm 85 fs 

2500-4000 cm" 1 

• Liquid [66, 255-259] 

(Ohio State Univ.) 

532 nm 29 ps 

(BB) 


Kakiuchi group 
(Kyoto Univ.) 

775 nm 1 50 fs 

3200-2800 cm" 1 
(BB) 

• SAMs [65, 260] 

Ouchi group 
(Nagoya Univ.) 

532 nm, 24 ps 

2.3-8 pm 

• Liquid [261] 

Nozoye group 
(Tsukuba) 

532 nm, 20 ps 

2.3-8 pm 

• Polymer [262-266] 

Knoesen group 
(UC Davies) 

532 nm, 22 ps 

2-10 pm 

• SAMs [267] 

Messmer group 
(Leihigh Univ.) 

532 nm, 7 ns 

3. 1-3. 8 pm 

• SAMs [268-270] 

• Polymer [271, 272] 

Himmelhaus group 
(Heidelberg Univ.) 

532 nm, 40 ps 

2.5-10 pm 

• SAMs [273, 274] 

Domen group 
(Tokyo Inst. Tech.) 

532 nm, 35 ps 

900-3700 cm" 1 

• Catalytic 
reaction [275-284] 

• Time-resolved SFG [27, 
285-288] 

Florsheimer group 
(Munster Univ.) 

532 nm, 8 ns 

2.3-3. 7 pm 

• SFC/SHG 

imaging [289-292] 

Saykally group 
(UC Berkeley) 

800 nm, 30-80 fs 

2.8-10 pm 

• SFG imaging [293, 294] 

Conboy group 
(Univ. Utah) 

532 nm, ns 

2750-3100 cm" 1 

• Lipid bilayer [295, 296] 

• Ionic liquid [297] 

Ye group 
(Hokkaido Univ.) 

800 nm, 100 fs 

2.5-10 pm (BB) 

• SAMs and LB films [64, 
107,298,299] 

• Polymer [50, 299-301] 

• Electrode [302] 
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from Eq. (5b), the counterpropagating 
geometry has an advantage that the an- 
gle between the SFG and reflected pump 
visible beam is larger than that of the co- 
propagating geometry, which can reduce 
the influence of the scattering visible light 
and aid the collection of the SFG light 
with higher efficiency. With fs laser pulses, 
copropagating beams must be used as 
temporal overlap is poor with counterprop- 
agating beams. One has to pay attention to 
the fact that the shape of the SFG spectra 
also significantly depends on the incident 
geometry. Now, copropagating geometry 
is widely adopted in many labs. 

On the other hand, in situ SFG measure- 
ments at solid/solution interface will face 
the problem that IR light will be heavily ab- 
sorbed by the liquid and thus, SFG signal 
from solid/solution interface can be greatly 


attenuated by loss of IR light intensity. 
This can be minimized through design of 
a thin-layer cell used in infrared reflection 
absorption spectroscopy (IRRAS) [13, 16]. 
In spite of this, it is still hard to investi- 
gate the frequency region where IR beam 
energy loss by the solvent is high. 

Another possibility is to direct the laser 
beams onto the interface through the solid 
sample under the total internal reflection 
(TIR) geometry. Figure 4 shows the Fres- 
nel coefficients at (a, c) fused quartz/air 
interface and (b, d) fused quartz/water in- 
terfaces, with polarization combination of 
(a, b) ssp and (c, d) sps, as a function of in- 
cident angle of visible light at 800 nm (the 
incident angle for IR beam at 3300 nm is 
fixed at 5 0° ). It is clear that the local electric 
fields on these interfaces are significantly 
dependent on the incident geometry. For 



Incident angle for visible beam 

Fig. 4 Fresnel factors calculated for ssp- and sps- polarization at (a, c) fused quartz/air interface 
and (b, d) fused quartz/water interface, respectively, as function of incident angle for visible 
beam (&) v is, 800 nm). The incident angle for IR beam (cuir, 3300 nm) is fixed at 50°. 
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example, the strength of the local field 
reaches a maximum at the critical angle 
(~45°) at fused quartz/air interfaces and 
therefore, large enhancement of SFG sig- 
nal can be obtained if the probe beams 
are incident at or near the critical angle 
(Eq. 8). The TIR geometry can also avoid 
absorption problem of IR by bulk liquid 
and the mass-transfer limitations by the 
thin-layer geometry. The TIR geometry has 
been used so far to examine adsorption on 
optically transparent substrate [13, 15, 19, 
146]. As shown in Fig. 4, if one selects the 
incident angle of the visible light at ~70° 
near its critical angle at quartz /water inter- 
face (~72°), an enhanced surface electric 
field can be quite easily obtained. The in- 
cident angle of the infrared light was set at 
50°, which is far from its critical angle, in 
order to avoid a large change in the Fresnel 
coefficient when the frequency of IR beam 
is scanned in the absorption region of the 
OH stretching vibration of water [15, 147]. 

Recently, it has been shown that the 
interfacial structure at a metal can be 
examined in a similar fashion by de- 
positing them as ultrathin films on such 
substrates [116, 144], so that the elec- 
trode/electrolyte solution interface can be 
monitored by SFG measurements during 
the electrochemical reactions [148], 

7.1.5 

SFG Studies in the Molecular Structure on 
the Organic Thin Film Interfaces 

As mentioned earlier, SFG is now widely 
applied in different fields. Table 1 briefly 
summarizes the SFG studies carried 
out in some groups. Owing to the 
specialized purpose and page limitation of 
the review, we will concentrate our interest 
on the study of the interfacial molecular 
structure on the modified solid surfaces 
by SAM and LB films, both in air and in 


solution. SFG study on polymer interface 
is a very interesting subject but is not 
included here. 

7.1 .5.1 Modified Solid Surfaces in Gas 
Phase 

Since Shen and coworkers reported the 
first SFG spectrum of an organic mono- 
layer on a solid substrate [52], a great 
deal of SFG experiments have been car- 
ried out on the solid surfaces modified by 
the organic thin films such as SAM, LB, 
and polymer. 

7. 1.5. 1.1 SAMs Figure 5 shows SFG 
spectra with polarization combination of 
(a) ppp; (b) ssp; and (c) sps for a fused quartz 
surface modified by an octadecyltriosilane 
(OTS) monolayer with a full coverage, in 
the C-H stretching region between 2800 
and 3000 cm -1 . The circles in Fig. 5 rep- 
resent the experimentally observed SFG 
signals, while the solid lines correspond 
to the fitting results given in Eq. 11, with 
various peak components given by dot- 
ted lines. The OTS monolayer, which is 
formed by the coupling reaction between 
silane group of OTS and the silanol groups 
on the oxide surface [303], is stable both in 
air and in solution and has been extensively 
characterized by SFG measurements [41, 
72, 81, 147, 242, 270, 304], As shown 
in Fig. 5, the SFG spectra highly depend 
on the polarization combination. In the 
ppp - SFG spectrum (Fig. 5a), three large 
peaks at 2879, 2940, and 2970 cm -1 are as- 
signed to the C-H symmetric stretching, 
Fermi resonance between C-H symmetric 
stretching and the bending overtone, and 
C-H asymmetric stretching, respectively, 
of the terminal CH3 group in OTS mono- 
layer. The ssp- SFG spectrum mainly shows 
two peaks for C-H symmetric stretch- 
ing and Fermi resonance (Fig. 5b) while 
the sps-SFG spectrum is dominated by 
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Fig. 5 SFG spectra of fused 
quartz surface modified by OTS 
monolayer with polarization 
combination of (a) ppp, (b) ssp, 
and (c) sps in the region 
between 2800 and 3000 cm -1 . 
See text for details. 
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one peak for C-H asymmetric stretching 
(Fig. 5c), of the CH3 group. 

On the other hand, the SFG peaks 
due to CH2 groups are very weak in 
comparison with those of the CH3 group. 
Since OTS molecules form a densely 
packed crystalline monolayer in which 
the hydrocarbon chains are essentially all- 
trans, the all-trans orientated CH2 groups 
in a nearly centrosymmetric environment 
give rise to less contribution to the SFG 
spectra. Only the terminal CH3 group 
lacks local centrosymmetry and mainly 
contributes to the SFG spectrum of the 
OTS monolayer. 

The quantitative fitting results by 
Eq. (11) reveal that the C-H symmetric 
stretching and Fermi-resonance modes, 
which are in phase (e = 0), have opposite 
phase with that of C-H asymmetric mode 
(e = it) in the SFG spectra, as previously 


pointed out by Wolfrum etal. [45]. The 
orientation of the terminal CH3 and hy- 
drocarbon chain can be characterized by 
using amplitudes for the C-H symmetric 
(Ayy Z , S ) and asymmetric stretching (Ayy Z , as 
and Ayzy as) determined from the fitting for 
ssp (Fig. 5b) and sps spectra (Fig. 5c). Sim- 
ilar conformation can be obtained from 
Eq. (14a or c). The tilt angle of CH3 group 
was estimated to be ca. 20°, and hence 
hydrocarbon chain decline was ca. 15°. 

When the coverage of the OTS is lower, 
peaks due to the C-H stretching of 
the CH2 group are easily observed at 
2850 cm -1 (symmetric stretching mode) 
and 2920 cm -1 (asymmetric) while those 
due to CH3 are significantly decreased, 
demonstrating that many gauche defects 
exist and the OTS monolayer becomes 
more disordered [147, 270]. By using SFG 
spectroscopy, Messmer et al. found that 
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Fig. 6 SFG spectra of OTS layers on the fused quartz surface prepared varying deposition times with 
(a) low and (b) high water-content solvent [270]. Polarization: ssp. 
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the alkyl chain conformational changes of 
OTS monolayer occur in three stages [270]. 
Figure 6 shows their SFG spectra of OTS 
layers on the fused quartz surface prepared 
with varying deposition times with (a) low 
and (b) high water-content solvent. During 
the first stage, the alkyl chains in the film 
are almost completely disordered, though 
a significant increase in surface coverage 
occurs (1-15 min). This initial stage in- 
cludes OTS adsorption from solution and 
the beginning of island formation. The 
second stage shows dramatic changes in 
alkyl chain conformation within the film 
from disordered gauche conformation to 
an ordered mainly all-trans conformation, 
while only a small increase in surface cov- 
erage occurs. The final stage is a much 
slower adsorption process although the 
surface coverage increases from 90% to a 
complete monolayer, only a slight increase 


in the SFG band intensities is observed. 
Messmer et al. reported that the water in 
the bulk solvent also plays an important 
role on the OTS film formation [270]. The 
asymmetric C-H stretch of OTS film pre- 
pared with higher water contents solvent 
(Fig. 6b) increases much faster than low 
water-content solvent (Fig. 6a), indicating 
that the alkyl chains are more ordered 
when more water is present. 

Himmelhaus et al. investigated ad- 
sorption kinetics of docosanethiol, 
CH 3 (CH 2 ) 2 iSH, onto a Au surface by 
ex situ SFG measurements [274], Figure 7 
shows the SFG spectra of a Au surface 
immersed in a 3 pM ethanol solution 
for different periods (1.5 min -48 h). The 
nonresonant signal (/nr) and relative 
phase angle (<5) from the Au substrate 
are dependent on the wavelength of the 
visible light [62, 204] as well as its incident 
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Fig. 7 ppp- SFG spectra of SAM of docosanethiol, CH 3 (CH 2 ) 2 i SH, 
onto a polycrystalline Au surface immersed bars mark the different 
vibrational modes [274], The arrow indicates the completion of the 
first fast step. 


geometry [158] and the strength of /nr 
for Au is normally higher in comparison 
with resonance signals from the mono- 
layer. As already discussed in Fig. 2, the 
significant interference between xnr and 


resonance signals should appear in the 
SFG spectra. As shown in these SFG spec- 
tra for SAMs on Au substrate (Fig. 7), the 
SFG peaks mainly appear as downward 
ones [13]. The assignments for these bands 
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were given in the same figure. They iden- 
tified adsorption process with three stages 
in significantly different timescales. The 
fastest step is related to formation of 
the Au-S bond, which is characterized 
by hydrocarbon chains with a high frac- 
tion of gauche kinks (Fig. 7, ~5 min). 
The second step is three to four times 



slower and comprises the straightening of 
the hydrocarbon chains (Fig. 7, ~18 min). 
A pronounced band around 2813 cm -1 , 
which is attributed to the softening mode 
of the C-H vibrations due to the interac- 
tion with the Au substrate, was observed 
during the first two steps. The timescale of 
the final step is much slower than the rate 
of chain stretching and encompasses the 
reorientation of the terminal CH3 groups 
(Fig. 7, 30min-48h). The terminal CH2 
group (i.e. the one adjacent to the terminal 
CH3 group) exhibits the same behavior as 
that of the CH3 group, and thus behaves 
oppositely to the other CH2 groups. These 
SFG results demonstrate that the adsorp- 
tion of the last few percent of the thiol 
molecules to a full monolayer induces the 
transition from a high number of gauche 
defects to an all-trans conformation in the 
monolayer [274]. 

SFG is also widely used to determine 
the conformation of surfactant monolayers 
on solid and liquid surfaces [20, 82-84, 
98, 99, 108-112, 120, 122], Figure 8 
shows the SFG spectra of a loosely 
packed monolayer of a cationic surfactant, 
dioctadecyldimethylammonium chloride 
(DOAC, (CH3(CH2 )i 7 )2N + (CH3)2C1-), 
on the fused quartz surface (density: 
2.8 chains/nm 2 ) in air with polarization 
combination of (a) ssp; (b) sps; and 
(c) ppp [82-84]. In addition to the SFG 
peaks at 2875, 2955, and 2940 cm -1 , 
which can be attributed to the terminal 
CH3 group in a long hydrocarbon chain, 
the peaks at 2850 and 2920 cm -1 , which 
can be attributed respectively to the 
symmetric and asymmetric stretches of 
the CH2 groups in the alkyl chain, can 
be observed clearly in comparison with 

Fig. 8 SFG spectra for a DOAC 
monolayer at the quartz/air interface 
with polarization combination of (a) ssp, 

(b) sps, and (c) ppp [82], 
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those of OTS monolayer (Figures 5 and 
6). This result indicates that the DOAC 
monolayer possesses considerable amount 
of defects. Considering that a fully packed 
monolayer of alkyl chains has a typical 
density of ca. 5.0 chains/nm 2 , this result 
is to be expected from the low surface 
density of the monolayer (2.8 chains/nm 2 ). 
As we will show in the following, the 
conformation of the DOAC monolayer is 
changed completely after immersion into 
different kinds of liquid solvent due to 
the chain-chain interaction between the 
surfactant monolayer and solvent [82-84]. 

7. 1.5. 1.2 LB Films The LB technique is 
one of the important fabrication methods 
for solid surfaces using ordered ultrathin 
organic films and has been widely applied 
in the studies of molecular electronics, 
nonlinear materials, and biosensors [1-4]. 
Although the structures of LB films have 
been extensively investigated by different 
methods, a number of issues, especially 
for the differences in molecular structures 
of the LB surface compared to its bulk, are 
still not clear due to the limitation of the 
previous characterization methods. SFG 
measurements have been successfully 
applied to explore the molecular structures 
at the LB surface and the layer-layer 
interface in the multilayer system in LB 
films, by using its advantage of high 
sensitivity on the interface. 

Ye et al. investigated the surface molec- 
ular structures of LB films of stearic acid 


Fig. 9 (A) SFG spectra of LB films of 

cadmium stearate with different 
thicknesses (1-, 2-, 3-, 9-, and 12-layers) 
on the Au surface. Polarization: ppp. 

(B) A proposed model of the structural 
change at the outermost layer in the 
even-numbered LB film in air [64], 


with various thicknesses formed on the hy- 
drophilic substrates (Au and fused quartz) 
by SFG [64, 298]. Figure 9(A) shows SFG 
spectra of LB films of cadmium stearate 
with different thicknesses (1-, 2-, 3-, 9-, 
and 12-layers) on the Au surface in air [64]. 
The main spectral features of these SFG 
spectra are associated with those of ter- 
minal CH3 groups. The peak intensities 
of the two peaks due to the CH2 group 
slightly increased with thickness of the 
L-B films, which can be attributed to the 
increase in gauche defects introduced dur- 
ing the deposition process of LB film in 
this experiment (normally, the peaks at- 
tributed to CH2 groups are very weak). As 
shown in Fig. 9(A), the SFG peak inten- 
sity of the terminal CH3 groups does not 
change much with an increase in the layers 
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of the LB films. This behavior is totally dif- 
ferent from that observed in the IRRAS 
spectra in which the intensities of the IR 
peaks of the CH 2 and CH 3 groups linearly 
increase with an increase in the layers of 
the LB films, confirming that SFG probes 
the interface. Furthermore, the SFG spec- 
tra of the even-numbered LB films were 
almost the same as those of the odd- 
numbered films, although it is expected 
that the molecular structures of the outer- 
most layer for the even- and odd-numbered 
layers are different in the ideal model. 
Similar phenomena were also observed 
on the fused quartz surface [64, 298]. In 
combination with AFM measurements, 
these experimental results are explained 
in terms of a flip-over model (Fig. 9B) 
for the structural changes at the outer- 
most layer of the even-numbered LB films 
in air. The new bilayer structure formed 
on the surface of the even-numbered LB 
film in air is expected to be stabilized by 
both the electrostatic chelate interaction 
pair (COO - :Cd 2+ :COO - ) and low sur- 
face energy of the terminal hydrophobic 
methyl group exposed to air. As observed 
by in situ SFG measurements (see below), 
the similar interfacial structure changes on 
the even-numbered fatty acid LB films also 
take place in aqueous solution containing 
Cd 2+ cation [298]. 

Holman et al. investigated the LB mul- 
tilayer films of the cadmium salts of five 
long-chain fatty acids (C„COOII, n = 14, 
16, 18, 20, and 22) deposited onto Au 
surface modified by perdeuterated octade- 
canethiol (d-ODT) monolayer (denoted as 
“hydrophobic” Au surface) by SFG spec- 
troscopy [104, 105]. By cleverly designing 
the LB multilayer films using perproto- 
nated and perdeuterated fatty acids, they 
demonstrated the possibility of selectively 
probing the molecular structures both 
on surface and interfaces buried within 


the L-B films. Figure 10(a) presents SFG 
spectra in the C-H stretching region of 
two-layer cadmium arachidate LB films 
deposited on a d-ODT-modified Au sur- 
face [104], where the upper spectrum is 
that measured from a film composed of 
a perdeuterated (D) lowermost layer and 
a perprotonated (H) uppermost layer and 
the lower spectrum is that obtained from a 
film comprising an H lowermost layer and 
a D uppermost layer. In this way, one can 
explore the molecular structure of the sin- 
gle H layer in any position within the film 
in C-H stretching region by SFG mea- 
surements. Although the main spectral 
features in Fig. 10(a) were basically from 
with those of the CH 3 groups, it is note- 
worthy that (1) SFG peaks were observed 
in opposite direction in two SFG spectra 
shown Fig. 10(a); (2) peak positions of the 
bottom layer were red-shifted with respect 
to those of the top layer. Feature (1) is 
due to the reversed polar orientations of 
the perprotonated fatty acids in the bottom 
and top layers, which differ in phase angle 
(e) by 71 . As expected from Eq. (11), they 
should give SFG peaks in opposite direc- 
tions when a nonresonance background 
(i.e. one from Au substrate) exists. On the 
other hand, red-shift of the peak position 
(Feature 2) can be considered as the differ- 
ence in the local environment of the CH 3 
groups terminated fatty acid alkyl chains in 
the two films (air vs. a condensed phase). 
In fact, Holman et al. observed that all 
buried layers except the topmost layer are 
significantly offset to lower values from 
the SFG measurements [104]. It is well 
known that IR peak frequencies decrease 
when a molecule is transferred from a 
gaseous phase to a liquid-like (solid-like) 
phase [305-307]. This is the first report 
in which one can exactly distinguish the 
molecular structure on the LB surface and 
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Fig. 10 (a) SFG spectra of two-layer cadmium arachidate LB 

films on a d-ODT-modified Au surface. Upper spectrum: a 
perdeuterated lowermost layer and a perprotonated uppermost 
layer; Lower spectrum: a perprotonated lowermost layer and a 
perdeuterated uppermost layer, (b) Upper spectrum: a 
stimulated SFG spectrum by numerical addition of the two 
spectra in Fig. 10(a); Lower spectrum: SFG spectrum of 2 layer 
perprotonated cadmium arachidate LB film [104], 

Polarization: ppp. 


in LB bulk, implying extremely high capa- 
bility of the SFG spectroscopy. 

Numerical summation of the two spectra 
of Fig. 10(a) yields a prediction of the SFG 


spectrum in Fig. 10(b) (upper spectrum). 
This simulated SFG spectrum is al- 
most identical to the experimentally ob- 
served SFG spectrum of a two-layer film 
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comprising solely perprotonated cadmium 
arachidate within noise level (lower spec- 
trum, Fig. 10(b)). This finding implies that 
the SFG spectra of the multilayer LB films 
deposited on the “hydrophobic” Au sur- 
face are independent of the multilayer 
thickness and are contributed to both by 
topmost and lowermost layers. There is 
a sizable detectable contribution from the 
lowermost layer, which acts to modify the 
observed line shapes and spectral inten- 
sity [104, 105]. These results suggest that 
interpretation of SFG spectra of LB multi- 
layer films deposited on metal substrates 
must be performed with care and that 
deconvolution of spectra in terms of con- 
tributing layers is imperative. This method 
has been successfully employed to de- 
termine the structural change in the LB 
multilayer of cadmium arachidate during 
the formation of CdS nanoparticles [107]. 

Recently, more detailed experiments and 
discussion have also been carried out 
on the fused quartz surface modified 


by a perdeuterated fatty acid in which 
the nonresonant signal is quite small. 
Although it is not a simple numerical 
addition this time, the general conclusion 
about the SFG spectrum for a multilayer 
LB film on the hydrophobic quartz surface 
is dominated by the contribution from 
topmost and lowermost layers. 

7.1 .5.2 Modified Solid Surfaces in Solution 

7. 1.5. 2.1 SAMs in Solution Davies and 
Bain investigated the molecule struc- 
ture changes on the interface be- 
tween alkoxy-terminated hexadecanethi- 
ols CH 3 (CH2)„0-(CH 2 )i6SH (n = 0-3) 
monolayers on Au surfaces and vari- 
ous liquids in detail by in situ SFG 
spectroscopy [96, 97]. Figure 11 shows 
SFG spectra of (A) MeOHT (n = 0) and 
(B) BuOHT (n = 3) monolayers on Au 
in contact with (a) air; (b) hexane-di 4 ; 
(c) acetonitrile-d 3; and (d) water. They 



(a) 


Wavenumber 

[cm -1 ] 


Wavenumber 
(b) [cm -1 ] 


Fig.ll SFG spectra of (A) MeOHT (n = 0) and (B) BuOHT (n = 3) monolayers on Au in contact 
with (a) air; (b) hexane-di 4 ; (c) acetonitrile-d 3 ; and (d) water [97], Polarization: ppp. 
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found that liquids perturb the structure 
of organic monolayers. The changes were 
most pronounced in the monolayer of 
MeOHT in contact with water (Fig. 11A), 
but much less in the monolayer of BuOHT 
(Fig. 1 IB). The hydrogen bonds were 
formed between the polar ether group 
in the SAMs and water molecules. As 
the length of the terminal alkyl chain is 
increased, and hence the ether group is re- 
moved further from the monolayer-liquid 
interface, the effect of molecular interac- 
tions on the structure of the monolayer 
rapidly decreases. As the oxygen atom 
was progressively “buried” in the hexade- 
canethiol molecule, its influence became 
less pronounced and it no longer had an 
observable effect on the SFG spectra of 
the BuOHT (Fig. 11B). These structural 
changes correspond well to those of sur- 
face wettability observed by contact angle 
measurements. These findings imply that 
the surface structure of an organic mate- 
rial in contact with air may be significantly 
different from that in contact with a liq- 
uid, particularly when the formation of 
hydrogen bonds is possible. 

Shen and coworkers studied the confor- 
mation of a loosely arranged monolayer of 
a cationic surfactant, DO AC, in various sol- 
vents by in situ SFG spectroscopy [82-84]. 
Figure 12 shows a series of ssp-polarized 
SFG spectra for a DOAC monolayer at a 
fused quartz surface in various perdeuter- 
ated liquid alkane solvents with long-chain 
length (Cio - Ci6) [84]. The perdeuterated 
alkanes were used here to avoid the overlap 
between DOAC and solvent in the C-H 
stretching region (2800-3000 cm -1 ). A 

Fig. 12 A series of ssp-SFG spectra for a 
DOAC monolayer at a fused quartz 
surface in various deuterated liquid 
alkane solvent with sufficiently 
long-chain length (C 10 -C 16 ) [84], 


peak at 2850 cm -1 , which is attributed 
to the CH 2 group in the DOAC mono- 
layer, was clearly observed in air (Fig. 12, 
topmost curve), indicating that the alkyl 
chains are not in the perfect all-trans con- 
formation and must contain some gauche 
defects. However, the other curves in 
the SFG spectra show that the peak in- 
tensity of the CH 2 group is effectively 
suppressed after contact with various alka- 
nes (Fig. 12, C 10 -C 16 ). These SFG spectra 
demonstrate that gauche defects in the 
DOAC monolayer significantly decreased 
after immersion in the long-chain alka- 
nes and almost disappeared when the 
chain length was longer than 14, indicating 
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that the hydrocarbon chains in the DOAC 
monolayer are almost “straightened up” to 
all-trans conformation, that is, conforma- 
tional order of the surfactant chains largely 
increased. The alkane solvents wedging 
into the surfactant monolayer possess a 
sufficiently long-chain length to provide 
enough chain-chain interaction (i.e. Van 
der Waals interaction) between alkane 
and surfactant to “straighten up” the Cis 
chains in DOAC monolayer. On the other 
hand, it is interesting to note that the sim- 
ilar conformation changes could not be 
observed in the surfactant with shorter 
chain length (DDAC, didecyldimethy- 
lammonium chloride, (CH 3 (CH 2 ) 9 ) 2 N + 
(CH 3 ) 2 C1-) and that with lower surface 
density (DMOAP, N-octadecyldimethyl 
[ ( 3 -trimethoxy silyl) propyl] ammonium 
chloride, CH 3 (CH 2 )i 7 N + (CH 3 ) 2 (CH 2 )3 
Si(CH 3 0) 3 Cl _ ), suggesting that the min- 
imum chain length and chain density of 
the surfactant monolayer are necessary for 
the chain straightening to happen [83, 84]. 

One may expect that the same con- 
formation change to occur if the DOAC 
monolayer is in contact with the long- 
chain alcohols. As shown in Fig. 13(A), 
SFG spectra of DOAC monolayer nearly 
vanished in the neat alcohols of all 
chain lengths (C 4 -C 16 ), indicating that 
the DOAC chains must have folded in 
this case [84]. It is surprising to find that 
when the DOAC monolayer is immersed 
in a dilute 0.5 M hexadecanol CCI 4 solution 
(Fig. 13B-(a)), the DOAC chains effectively 
become all-trans again. The SFG spectrum 
is greatly enhanced when perprotonated 
alcohol is used instead of perdeuterated 
alcohol (Fig. 13B-(b)), indicating that the 
chains of hexadecanol and DOAC are ori- 
ented in the same direction (i.e. CH 3 
groups of hexadecanol and DOAC are in 
phase). This situation can be explained by 
the scheme given in Fig. 13(C) [84]. The 


terminal OH group and the alkyl chain of 
alcohol should have opposing effects on 
the DOAC chains; one tends to induce 
conformational disordering in the chains, 
and the other straightens the chains by 
chain -chain interaction. When only pure 
long-chain alcohol molecules are used, 
a hydrogen-bonded network is formed 
at the interface with the OH terminals 
facing the DOAC chains (Fig. 13C-(a)), 
surfactant chains must have contained a 
large amount of gauche defects (i.e. “chain 
folding”), and hence the SFG intensity 
from CH 3 groups in DOAC monolayer 
largely decreased. When the hexadecanol 
is diluted in CCI 4 solvent, the hydrogen 
bonding network on the DOAC surface 
should be disrupted and the hydrophobic 
interaction between the long alkyl chains 
becomes more important and the individ- 
ual hexadecanol molecules can now adsorb 
into the DOAC monolayer to straighten the 
DOAC chains via chain-chain interaction 
as shown in Fig. 13C-(b). Enhancement 
of the SFG signal using perprotonated 
hexadecanol suggests that the chain ori- 
entations of the alcohol and DOAC are in 
the same direction [84]. 

Guyot-Sionnest et al. investigated 
SAMs of allcanethiols (C„H 2 ,j+iSH, n = 
9, 10, 18) on Au (poly), Ag(lll), and 
Pt(lll) surfaces in aqueous electrolyte 
solution under electrochemical control by 
in situ SFG measurement using a thin- 
layer cell [158]. They demonstrated that 
the SAMs on Au and Ag(lll) were well 
ordered with all-trans conformations, but 
that on Pt there was significant disordering 
in the chains due to its lower surface 
density. The conformation of the SAMs 
on the Pt(lll) electrode surface reversibly 
changed with electrochemical potential, 
which is attributed to straightening of the 
chains by the penetration of electrolytes 
into the monolayer at sufficiently negative 
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Fig. 13 (A) ssp-SFC spectra for a DOAC monolayer on the fused quartz surface 

in contact with (a) deuterated C4, (b) deuterated Cs, and (c) deuterated Ci6 
alcohols; (B) ssp-SFG spectra for a DOAC monolayer on the fused quartz surface 
in contact with (a) 0.5 M deuterated hexadecanol CIC4 solution and (b) 0.5 M 
regular hexadecanol CIC4 solution. (C) Schematics of the structures of 
(a) Si02/DOAC/neat hexadecanol and (b) SiO2/DOAC/0.5 M hexadecanol CCI4 
solutions [84], Chains are represented by solid lines, surfactant headgroups by 
plus signs within circles, and CCI4 by open circles. 
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potential region. Such kinds of potential 
dependence was not observed at Au(poly) 
and Ag(lll) electrode surfaces. 

7. 1.5. 2. 2 LB Films in Solution As already 
discussed in 5.1.2, the topmost layer of 
the even-numbered LB film of fatty acid 
changes its structure in air when the 
LB film is passing through the meniscus 
during the pulling-up action by the flip- 
over mechanism. One may expect that the 
even-numbered LB film on a hydrophilic 
substrate will keep its ideal ordered 
structure only in the water subphase. The 
interaction of the water and cation with the 


carboxylate headgroup, which locates on 
the surface of the even-numbered LB film, 
can stabilize the structure. It is interesting 
to study whether it is really stable in 
the water subphase, especially when other 
chemical or physical interactions exist. 
Ye et al. have demonstrated for the first 
time using in situ SFG measurement 
that the interfacial molecular structure 
at the LB bilayer of stearic acid on the 
hydrophilic substrates significantly change 
with immersion in the water subphase 
containing Cd 2+ while such a structural 
change has not been observed in the water 
subphase without Cd 2+ [298]. 


In air In solution 



Wavenumber 

[cm -1 ] 

Fig. 14 In situ SFG spectra of L-B films on a fused quartz surface of (a) deuterated 
stearic acid-t /35 monolayer (D) in air and (b— f) DH bilayer in 0.3 mM NaHC 03 with 
0.2 mM Cd 2+ for different immersion periods, (g) is an SFG spectrum in air lifted from 
subphase after (f). The polarization combination is ssp [298]. See text for details. 
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Figure 14(a) shows an ssp spectrum of a subphase after Fig. 14f, the SFG spectrum 
deuterated stearic acid monolayer (D) on a in air (Fig. 14g) became much weaker in 
fused quartz surface in air, deposited from comparison with its original one (Fig. 14b), 
a 0.3 mM NaHCC >3 containing 0.2 mM confirming again the surface structure of 
Cd 2+ [298]. No peak was observed in the the bilayer changed in both the immersion 
C-H stretching region since no C-H and lift-up processes, 
bond was included in the D-monolayer. The same experiment using the DH bi- 
After the first D-layer was deposited on layer was carried out in the same 0.3 mM 
the substrate, the second layer using NaHC 03 solution but without the Cd 2+ 
regular stearic acid (H) was deposited cation (Fig. 15) [298]. In comparison with 
on the top of the D-layer during the the initial SFG spectrum of the bilayer DH 
pulling-down action to form a bilayer in solution with 0.2 mM Cd 2+ (Fig. 14b), 

(i.e. DH) and was then installed in an the SFG spectrum (Fig. 15b) was similar 
in situ SFG cell filled with the same except for the slightly stronger CH 2 bands, 
solution. Caution was paid during this which may be related to a slightly higher 
setup process to avoid any contact of density of gauche defects contained in the 
the LB film with air, which may possibly top layer (H) of the bilayer. On the other 
damage the surface structure of the even- hand, relatively strong and broad back- 
numbered LB film. Figure 14(b-f) show grounds as well as a small dip around 
a series of in situ SFG spectra of the 2950 cm -1 were observed in the in situ 
DH bilayer on the fused quartz surface SFG spectrum (Fig. 15b), which are re- 
for different immersion times in 0.3 mM lated to the interference effect of the 
NaHC 03 solution with 0.2 mM Cd 2+ . Two OH stretching modes of the interfacial 
intense peaks around 2875 and 2940 cm -1 water molecules. Influence from the in- 
in Fig. 14b, which can be attributed to terfacial water molecules seems to be 
the symmetric and Fermi-resonance C-H larger (Fig. 15b) than those observed in 
stretching modes of the terminal CH 3 the subphase containing the Cd 2+ cation 
group in the top layer H, indicating that (Fig. 14b). This is reasonable if one con- 
a well-ordered H-layer was formed as a siders that the structure of water at the 
second layer. This spectrum resembled surface of the stearic acid bilayer sig- 
that of the stearic acid monolayer on the nificantly depends on the coordination 
fused quartz surface in air except a small interaction between the deprotonated car- 
interference effect from the OH stretching boxylate headgroup and Cd 2+ cation, 
modes of the interfacial water molecules. It is most interesting to note that 
The intensities of these two SFG peaks the intensities of the SFG peaks were 
became weaker with an increase in almost the same as the increase in the 
the immersion time in the subphase immersion time in 0.3 mM NaHC 03 
(Figs. 14b-14f). After a 5-h immersion, solution without Cd 2+ during the 4.5-h 
the peak intensities decreased to ca. one- immersion period (Figs. 15b— f). Even 
third of its original values (Fig. 14f), after removing the bilayer from the 
suggesting that the structure of the top subphase, the SFG spectrum was almost 
layer (H) of the DH bilayer significantly the same as that dipped in the subphase, 
changed during the immersion process suggesting no surface change takes place 
in the subphase solution. When the when the bilayer was pulled from the 
bilayer sample was withdrawn from the 0.3 mM NaHCC >3 solution. These results 
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In air ln solution 



Wavenumber 

[cm -1 ] 


Fig. 15 In situ SFG spectra of L-B films on a fused quartz surface of (a) deuterated 
stearic acid-t /35 monolayer (D) in air and (b— f) DH bilayer in 0.3 mM NaHC 03 without 
Cd 2+ for different immersion periods, (g) is an SFG spectrum in air lifted from subphase 
after (f). The polarization combination is ssp [298]. See text for details. 


are totally distinct from those observed in 
the subphase with the Cd 2+ . 

These in situ SFG results convincingly 
demonstrate that the surface structure of 
the even-numbered stearic acid LB film is 
not stable in the water subphase contain- 
ing the Cd 2+ and its top bilayer structure 
changes with the increasing immersion 
time in the subphase. When the even- 
layered LB film was deposited on the 
hydrophilic substrate surface, an ideal bi- 
layer structure is formed during the initial 
stage. This bilayer structure is stabilized 
by both the hydrophobic interaction be- 
tween the long alkyl tails and by the 
hydrophilic interaction between the water 
molecules and carboxylate headgroup. 


However, the stabilization interaction will 
be even higher by the strong electrostatic 
interaction between the carboxylate head- 
group via the divalent Cd 2+ , which can 
form an extremely stable chelating struc- 
ture (COO - : Cd 2+ : COO - ). To reach such 
an energetically stable state, part of the 
topmost-layer molecules are flipped over 
to the top of the L-B film gradually form- 
ing a new bilayer structure via the Cd 2+ 
in solution, as that also observed in air 
(Fig. 9). This surface reorganization pro- 
cess is significantly accelerated when the 
even-numbered LB film is lifted from the 
same solution containing Cd 2+ . In addi- 
tion to the electrostatic interaction between 
the carboxylate headgroup and Cd 2+ , the 
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reorganized surface structure is further 
stabilized by the hydrophobic interaction 
of the long alkyl chain facing the air. 
Part of the stearic acid molecules in the 
LB bilayer may also be dissolved to form 
micelles in the solution containing Cd 2+ 
ion, which can generate the same changes 
in the SFG spectra. Detailed experiments 
using in situ AFM observation will be use- 
ful to distinguish these differences. The 
present results strongly suggest the ex- 
tremely important role of the Cd 2+ cation 
in the reorganization process of the LB 
films of stearic acid on the solid surface 
both in air and in solution [298]. 

Recently, Cremer et al. showed interest- 
ing experimental results, which demon- 
strates the water structures on the surface 
of an eicosanoic acid LB monolayer on 
air /water interface significantly affected by 
the existence of divalent metal ions (Zn 2+ 
and Mg 2+ ) [227]. The effect of the metal di- 
valent cations on the interfacial molecular 
structures of the LB films is a very attractive 
subject to be investigated in detail. 

Conboy et al. also investigated the flip- 
flop and phase transition processes of lipid 
bilayer on soild substrate by in situ SFG 
measurements [295, 296]. Application of 
SFG in the field of biophysics will is 
expected to significantly increase. 

7.1 .5.2.3 Interfacial Water Structures on 
the Modified Solid Surface Water struc- 
tures on the modified solid surface play an 
import role in its functionality. With con- 
ventional IR and Raman measurements, it 
is hard to distinguish the water molecules 
on surface from those in bulk, whereas, 
SFG spectroscopy is expected to probe only 
interfacial water molecules. 

Shen and coworkers first reported the 
SFG spectra of the water molecules on 
the fused quartz surface [69, 148]. They 
observed that the water structure at 


quartz/solution interfaces depended on 
the solution pH. They found that the 
SFG intensity of hydrogen-bonded OH 
stretching was enhanced in an alkaline 
solution due to the surface charge of the 
deprotonated silanol groups on the quartz 
substrate surface. When the fused quartz 
surface was modified by OTS monolayer, 
a sharp peak was observed at 3680 cm -1 , 
which is similar to that observed at 
water/air interface [71], indicating the ex- 
istence of OH groups without hydrogen 
bonding. The position and shape of the 
OH stretching bands of the interfacial wa- 
ter molecules at the OTS surface closely 
resembles that of a hexagonal ice surface 
in air, confirming that interfacial water 
molecules are aligned in a well-ordered 
structure as a result of the hydropho- 
bic effect. 

To date, the water structural changes 
have been investigated in detail at solid 
surfaces modified by various organic thin 
films, such as (1) OTS [147]; (2) positively 
charged polyelectrolyte, polydiallydimethy- 
lammonium chloride (PDDA) [228, 232]; 
(3) protein of bovine serum albumin 
(BSA) [230] and lysozyme [231], and lipid 
bilayers [229]; (4) amino-terminated SAMs 
of N - (2-aminoethyl) - 3 -aminopropylmetho- 
xylsilane (AAS) and 3-aminopropylmetho- 
xylsilane (APS) [146, 149]; (5) surfactant of 
sodium dodecyl sulfate (SDS), [225, 226] 
by using in situ SFG measurements. 

Here, we will present an SFG study on 
(1) [147] as an example. Ye and Uosaki 
demonstrated that the water molecules at 
the quartz/ OTS surface flip its orientation 
while the water molecules at the OTS 
surface maintain their orientation when 
the solution pH is changed from neutral 
to acidic. The results show that most 
of the silanol groups still exist on the 
fused quartz surface even after a silane 



542 


7 In Situ Methods 




(b) Wavenumber 

[cm -1 ] 



(c) Wavenumber 

[cm -1 ] 


coupling reaction of OTS under the 
reported experimental conditions [147]. 

Figure 16 shows SFG spectra of a fused 
quartz modified by the OTS monolayer 
with full coverage measured in phosphate 
buffer solutions of (a) pH = 7; (b) pH = 
11 and (c) pH = 1, in the region between 


Fig. 16 SFG spectra of a fused quartz 
modified by the OTS monolayer with full 
coverage measured in the phosphate 
buffer solutions of (a) pH = 7; 

(b) pH = 1 1 and (c) pH = 1 , in the 

region between 2800 and 

3800 cm -1 [147], Polarization: ssp. 

2800 and 3800 cm -1 . In neutral solu- 
tion, only two large peaks at 2879 and 
2940 cm -1 , which are attributed to the 
CH 3 group, can be observed in the C-H 
stretching region, indicating that the OTS 
monolayer maintained a highly ordered 
structure in the electrolyte solution sim- 
ilar to that in air. The enlarged spectra 
in the OH stretching region, that is, 
between 3000 and 3800 cm -1 , were also 
shown in these figures. In addition to a 
broad peak at 3180 cm -1 with a shoulder 
around 3400 cm -1 , a sharp peak was ob- 
served at 3680 cm -1 . The broad peak at 
3200 cm -1 is known to be that of “ice-like 
water,’’ representing the symmetric O-H 
stretching (iq) of tetrahedrally coordinated 
water molecules. The shoulder around 
3400 cm -1 is known to be that of “liquid- 
like water”, representing the asymmetric 
O-H stretching (V 3 ) of water molecules 
in a more random arrangement. The peak 
at 3690 cm -1 has been assigned to the 
O-H stretching of water molecules with- 
out hydrogen bonding as “free OH” [71, 
72], The SFG peaks of OH with hydro- 
gen bonding are very broad due to the 
strong coupling between the vibration of 
neighboring water molecules and Fermi 
resonance with the overtone of the HOH 
bending mode (V 2 ) [308], It is interesting 
to note that the SFG spectrum in the OH 
stretching region was similar to that of 
the ice/air interface with the significantly 
suppressed peak corresponding to “liquid- 
like water” at 3400 cm -1 compared to the 
SFG spectra of the quartz/water interface 
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in the solution of the same pH. These re- 
sults show that the water molecules at the 
OTS /water interface are well ordered. Or- 
dering of the interfacial water molecules 
has also been observed at the water/CCL* 
interface [19]. The highly hydrophobic na- 
ture of the OTS surface should be the most 
important origin for the ordering process. 

SFG peak intensities of hydrogen- 
bonded OH modes observed in alkaline 
solution (Fig. 16b) were higher than those 
observed in the neutral solution (Fig. 16a), 
while that of the free OH seemed to be 
nearly the same. The bond corresponding 
to “liquid-like water,” which was just a 
shoulder in Fig. 16(a) became a noticeable 
peak in Fig. 16(b). On the other hand, the 
shape of the SFG spectrum observed in 
acidic solution (Fig. 16c) is totally different 
from those observed in neutral (Fig. 16a) 
and alkaline solutions (Fig. 16b). The peak 
of “ice-like water” was hardly observed 
and the SFG signal with a broad shape 
was observed around 3400-3700 cm -1 . 


The SFG spectrum of the interfacial water 
molecule is very distinctive and has never 
been reported. 

Since the in situ SFG spectra signifi- 
cantly depend on solution pH, even when 
the fused quartz surface is modified with 
OTS molecules with a full monolayer cov- 
erage, it is expected that there are still 
a lot of unreacted silanol groups on the 
quartz surface after the silane coupling 
reaction [303]. Two kinds of interfacial wa- 
ter molecules, that is, ones located on the 
top of the OTS monolayer (denoted as 
H20 ots> which is pH independent) and 
ones located in the space between the OTS 
and quartz surface (H 20 q uartz ), can be dis- 
tinguished and observed using the present 
in situ SFG measurement. 

As schematically shown in Fig. 17, the 
unreacted silanol groups on the OTS- 
coated quartz surface are deprotonated in 
alkaline solution and an electric double 
layer is induced by the surface negative 
charges on the quartz surface. More water 
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Fig. 17 Schematic structural models of interfacial water molecules on the 
fused quartz/OTS/solution interface in (a) alkaline, (b) neutral and (c) acidic 
phosphate buffered solutions. Arrows show the direction of the dipole 
moment of the interfacial water molecules [147], 
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molecules at the interface are aligned 
in order within the electric double layer 
and a higher SFG intensity for bands 
corresponding to interfacial water should 
be obtained. It should be mentioned 
here that the dipole moments of the 
hydrogen-bonded O-H for the H 2 O 0 TS 
and H 20 quartz have the same direction in 
alkaline solution from the fitting process 
(as shown by arrows in Fig. 17a), which 
should also contribute to the intensity 
of the stronger SFG spectra of water 
molecules under the given condition. 

In neutral solution, the silanol groups of 
the quartz surface are only partly deproto- 
nated and the electric double layer on the 
quartz surface becomes weaker (Fig. 17b). 
The ordered structure of the H20q uar tz 
is expected to significantly decrease com- 
pared to that in alkaline solution. Thus, 
the SFG signals observed in the neutral 
solution are considered to be mainly from 
H 2 O 0 TS an d not from H20q uartz . The fit- 
ting results suggested that the interfacial 
water molecules maintain the same phase 
angle in neutral and alkaline solutions. 

In acidic solution, the silanol groups 
left on the OTS-coated quartz surface 
are expected to be totally - SiOH. The 
fitting results show that the bonded OH 
changed its phase from 0 to n when the 
pH was changed from neutral to acidic, 
thus H 20 q uartz shows the opposite dipole 
moment with that of H 2 O 0 TS (Fig- 17c). 
The SFG signals of the “ice-like water” 
from H 2 O quar t z and H 2 0 0 ts may cancel 
each other due to the their opposite 
dipole moments. As a result, only a broad 
“liquid-like water” peak, which was mainly 
from those of H20q uartz , and a free OH 
band appeared in the SFG spectrum in 
acidic solution. 

In conclusion, water molecules at the 
quartz/OTS surface are expected to flip 
while the water molecules on the OTS 


surface maintain their orientation, when 
the solution pH is changed from neutral 
to acidic as a result of the protonation 
of the silanol group. Such a flipping 
phenomenon of the interfacial water on the 
bare quartz surface was demonstrated by 
Shen et al. for the first time by interference 
trace measurement [309]. The flipping 
takes place even on the OTS-coated quartz 
surface because most of the silanol groups 
are still on the quartz surface even after 
OTS formation. 

7 . 1.6 

Summary 

As briefly reviewed in this section, SFG 
vibrational technique has significant ad- 
vantages to the conventional vibrational 
spectroscopy. A great deal of new informa- 
tion on the interfacial molecular structure 
will be elucidated by this method, which 
is important and useful for understanding 
and controlling the surface property and 
functionality of materials. Appearance of 
the new techniques such as SFG imaging 
as well as FT- SFG will make this method 
more powerful and more easy to use. It is 
also expected that more theoretical studies 
will be carried out to quantitatively un- 
derstand all the information we can get 
from SFG measurements and to antic- 
ipate what we can further obtain from 
this method. 

On the other hand, although a number 
of studies have been carried out on the 
electrochemical interfaces by in situ SFG 
measurements, the spectroscopic infor- 
mation obtained on these electrochemical 
interfaces is still very limited. One can 
say that the real advantage of the SFG 
has not yet realized to date and more ef- 
forts are still necessary to promote the 
application of SFG spectroscopy in electro- 
chemistry. 
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7.2 

Quartz Crystal Microbalance (QCM) 

Katsuaki Shimazu 
Hokkaido University, Japan 

7.2.1 

Introduction 

A quartz crystal microbalance (QCM) is 
an extremely attractive and powerful tool 
to examine mass transport processes at 
electrode/solution interfaces because of its 
capability of detecting nanogram changes 
in mass [1-5]. Often used are AT-cut 
quartz crystals with a 5 to 10-MHz fun- 
damental frequency. Their sensitivities 
are simply given by Sauerbrey’s equa- 
tion, the usefulness of which has been 
experimentally confirmed by many re- 
search groups. The frequency change of 
1 Hz of a 5-MHz QCM corresponds to 
a mass change of 17.7 ng cm -2 . The 
noise level of a carefully assembled 5- 
MHz QCM apparatus is below 0.1 Hz, 
and therefore, the detection limit on the 
basis of S/N = 4 is approximately sev- 
eral nanograms per centimeter square. 
This means that any kind of chemical 
species, except hydrogen, involved in in- 
terfacial reactions at monomolecular films 
and polymer films can be detected by the 
QCM (the number of molecules in the 
monomolecular film is in the range of 
10~ 10 to 10“ 9 mol cm~ 2 ). With this capa- 
bility, how solvents and electrolyte ions 
participate in interfacial processes can be 
clarified. Such information is particularly 
important for modified electrode systems, 
because the solvent incorporation and ion 
association accompanying the redox or dis- 
sociation of functional groups often take 
place and because most spectroscopic and 
the other techniques are lacking in this 
capability. 


7.2.2 

Self-assembled Monolayer (SAM) 

Because of the difficulty in assembling a 
highly stable QCM apparatus, the QCM 
was not applied to self-assembled mono- 
layers until the late 1980s. The first 
application was made by Buttry and 
coworkers [6-8]. They examined the elec- 
trochemically induced adsorption and des- 
orption of redox surfactants bearing the 
ferrocene functionality in the presence 
of a surfactant in solution as a func- 
tion of the chain length, concentration of 
the surfactant and temperature. The QCM 
adequately monitored the desorption fol- 
lowing oxidation. The desorption occurred 
more easily when a shorter chain surfac- 
tant was used and/or at a low surfactant 
concentration and elevated temperatures. 

7. 2. 2.1 Construction ofWell-ordered 
SAMs 

7. 2. 2. 1.1 Self-assembly In situ monitor- 
ing of the self-assembly process of thiol 
derivatives was first reported by Shimazu 
etal. [9]. They injected a small aliquot of 
ferrocenyl-undecanethiol (FcCllSH) solu- 
tion into constantly stirred hexane and 
followed the frequency change. The time 
course of the frequency shows that the 
initial adsorption is fast, followed by the 
slow adsorption whose rate was 2 orders 
of magnitude lower (Fig. 1). These results 
are in agreement with the previous re- 
ports based on ex situ electrochemical 
and ellipsometric measurements. The total 
frequency change agreed well with that ex- 
pected from the electrochemical charge 
associated with the redox of the SAM 
in 1 M HCIO4. The frequency change, 
which may be caused by the change in 
the solution composition by the addition 
of the thiol solution (from pure hexane to 
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Fig. 1 Frequency change 
(5 MHz) during the 
self-assembly of FcCl 1SH on a 
Au electrode in hexane. Final 
concentrations ofthiols are 
0.5 mM. (Adapted from 
Shimazu et al.[9].) 


0.5 mM FcCllSH/hexane) was estimated 
using the equation derived by Kanazawa 
and Gordon [10] to be less than 5% of the 
total frequency change. The above adsorp- 
tion behavior, initially fast and then slow, is 
commonly observed for many other thiols 
such as a>-((V-pyrrolyl)allcanethiols [11], the 
alkanethiol derivatives of viologen [12] and 
phospholipids [12], and 3-thiophene [13]. 

The kinetics of the self-assembly process 
of octanethiol (C8SH) and octadecanethiol 
(C18SH) was examined in more detail by 
Karpovich and Blanchard [14]. For these 
cases, the kinetics is well described by the 
following equation based on the Langmuir 
adsorption isotherm, 

0(t) = K'[ 1 - exp(-W)] CD 

^obs = k a C + /qj (2) 

where A a and Ad are the adsorption 
and desorption rate constants, respec- 
tively, C is the thiol concentration, and 
K' = C/(C + (Ad/A a )). From the concen- 
tration dependence of A 0 b s (Eq. 2) deter- 
mined from time course of the coverage 
(Eq. 1), both A a and Aj were determined to 
be 2059-2440 M” 1 s” 1 and 0.16-0.19 s” 1 
for C18SH, respectively. The A a value 
for C8SH is smaller (811 M” 1 s” 1 ) than 
that for C18SH. Using these data, they 
calculated the equilibrium constant, A'eq 
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(=A a /Ad), and the free energy of ad- 
sorption, AG a( js (= — RTlnA'eq): K e q = 
10850-15250 M” 1 and AG ads = -5.5 - 
—5.6 kcal mol -1 for C18SH, K e q = 
1930 M” 1 and AG a d s = —4.4 kcal mol -1 
for C8SH. These values of AG a d s are 
virtually the same as the aliphatic in- 
terchain interaction energies. The Lang- 
muir type of adsorption was also reported 
based on the QCM data for the self- 
assembly of o-xylene-a.cd-dithiol (o-XDT) 
on Au, and anthraquinone-2-carboxylic 
acid (AQ-2-COOH) on Ag by Kim and 
coworkers [15-17]. Following Karpovich 
and Blanchard’s analysis, they determined 
A a and Ad to be 2.2 x 10 4 M” 1 s” 1 and 
0.18 s” 1 for o-XDT in hexane, respec- 
tively. These values correspond to a K e q of 
1.1 x 10 5 and a AG a d s of —28.9 kj mol” 1 . 
The equilibrium constant of adsorption 
can be obtained using the frequency values 
when the equilibrium is attained (A/ e q) 
and using the following equation, 


C _ C 1 

A/eq A/ max K e qA/ max 


(3) 


where A/ max is the frequency change at 
the saturated coverage. For AQ-2-COOH 
on Ag, K e q is 9.1 x 10 3 . 

The formation of multilayers and the dis- 
solution of gold during the immersion of 
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an Au substrate in thiol solution were also 
demonstrated by the QCM measurements. 
Bard’s group [18] using ex situ QCM de- 
termined the formation of approximately 
four monolayers after a six-day immersion 
of the gold substrate in C18SH ethanol so- 
lution (only monolayers were formed for 
less than a 3-h immersion). Matsumoto 
et al. [19] measured the QCM response of 
a Au electrode after the injection of 2,5- 
dimercapto-l,3,4-thiadiazole (DMcT) into 
A-methyl-2-pyrrolidinone. The initial fre- 
quency decrease due to the adsorption was 
followed by a monotonous frequency in- 
crease. This shows that the adsorption of 
DMcT induces the dissolution of the Au 
surface. The dissolution was also observed 
for a Cu electrode in the presence of DMcT. 
The dissolution of Cu was much faster 
than that of Au. 

7. 2. 2. 1.2 Postassembly Derivation of SAM 
Surfaces The QCM is also useful for 
monitoring the immobilization of func- 
tional molecules onto SAMs. On the 
basis of the observed frequency change, 
either a monolayer or multilayer forma- 
tion was concluded. Fullerene C6o binds 
to cysteamine and cysteamine/ethanethiol 
SAMs presumably by N-H addition to the 
C=C bonds in the C 60 , which fuses two 
six-membered rings, and forms a mono- 
layer [20]. Cyclodextrins forms aggregates 
(multilayers) on MPA and mercaptooc- 
tanoic acid SAMs, but not monolayers 
through an electrostatic interaction al- 
though the surface negative charge was 
considered to improve the level of organi- 
zation of the CD aggregates [21]. 

Rubinstein et al. [22] used the SAM of p- 
aminothiophenol to increase the polyani- 
line (PANI) film/substrate adhesion. It 
became possible to calculate the film den- 
sity from the mass data using the QCM 
and thickness data by ellipsometry. They 


found that films of higher density were 
formed on the SAM compared to bare 
Au. The construction of a denser polypyr- 
role (PPY) film with good adhesion on 
(M-(A-pyrrolyl)alkanethiol SAMs was also 
reported [11]. 

The QCM was also used to monitor 
the electrochemical removal of protecting 
groups (hydroquinones) from the hydro- 
quinone monoester of thioacetic acid and 
the 12,12'-dithiobis-(dodecanoic acid hy- 
droquinone monoester) SAMs to form 
carboxylic acid-terminated SAMs for im- 
mobilizing the oligodeoxynucleotides [23]. 

The immobilization of silver nanopar- 
ticles (10.3 ± 4.4 nm) on 4-carboxythio- 
phenol SAM [24], citrate-stabilized gold 
nanoparticles (11 nm) on amino- 
undecanethiol (AUT) SAM [25], and 
dodecanethiol (C12SH)-protected gold 
nanoparticles (4.8 ± 0.5 nm) on C12SH 
SAM [26] were examined using the QCM. 
The adsorption up to a 10-18% surface 
coverage was commonly observed. The ad- 
sorption kinetics follows Eq. (1), and K e q 
was determined to be 238 for gold nanopar- 
ticle on the AUT SAM. 

7. 2. 2. 1.3 Layer-by-layer Growth of Multi- 
layers Yang et al. [27] monitored the 
construction of metal alkyl- and aryl- 
bisphosphnate multilayers in a layer-by- 
layer fashion using a QCM. The frequency 
linearly decreased with an increasing layer 
number up to 6 for copper biphenyl- 
bis(phosphonate) layers and up to 100 for 
copper octanebis(phosphonate) layers. The 
mass increase per layer calculated from the 
slope was reasonably explained on the ba- 
sis of the molecular area, roughness factor 
and some smoothing of the rough surface 
of the thick films. 

The layer-by-layer growth of gold 
nanoparticle multilayers was per- 
formed by alternating exposures of 



pyridine-terminated thiol SAM-coated 
Au electrodes to solutions of 0.1 M 
Cu(NC> 3)2 and gold nanoparticles cov- 
ered with mixed pyridine-terminated 
thiol/octanethiol monolayers (Fig. 2a) [28]. 
The frequency change linearly increased 
with the number of dipping cycles 
(Fig. 2b). The Cu 2+ ions clearly functioned 
as binding centers for chelating inter- 
actions. Exposure to an EDTA solution 
caused almost complete removal of the 
nanoparticles as demonstrated by QCM. 
The alternative dipping to solutions of 
poly(allylamine) and mercaptoundecanoic 
acid (MUA) functionalized nanoparticles 
caused the incorporation of about 3.5 
monolayers of nanoparticles into the film 
per dipping cycle [29]. This value was 
in agreement with that determined by 
spectroscopy. 
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1 .2.2.2 Reductive Desorption 

Porter and coworkers [30, 31] found that 
the Au-S bond was cleaved when the 
negative electrode potential was applied. 

This reaction is described as follows. 

Au-S-R+e - ^Au+R-S - (4) 

The reductive desorption has received 
particular attention for the following rea- 
sons. First, we can calculate the number 
of thiols adsorbed on the electrode sur- 
face from the desorption charge, even if 
the SAM does not have an electroactive 
functional group. Second, the adsorption 
states of the thiol can also be character- 
ized from the desorption potential, which 
has been found to be strongly dependent 
on the identity of the thiol, packing state, 
surface crystallinity of the substrate, and 
several other factors. The first application 



Fig. 2 Layer-by-layer growth of gold nanoparticle multilayers by alternative dipping 
in 0.1 M Cu(N03)2/ethanol and gold nanoparticle/Ch^Cb-ethanol solutions. 

(a) Procedure for nanoparticle assembly, (b) frequency change (8 MHz) as a function 
of dipping cycle. (Adapted from Chen et al. [28].) 
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of EQCM to the analysis of the desorption 
process was made by Schneider and But- 
try for alkanethiol SAMs on Au [29]. The 
frequency increase at the reduction peak 
was observed for the C12SH and C10SH 
SAMs in a DMF and acetonitrile solution 
containing electrolyte and a low concentra- 
tion of thiol, showing the desorption of the 
adsorbed thiol molecules. The desorption 
charge in DMF was approximately twice as 
much as that expected from the frequency 
change and Eq. (4). They attributed this 
discrepancy to the significant contribu- 
tion of the charge due to the double-layer 
charging to the total charge because the 
drastic change in double-layer structure 
takes place upon a desorption. 

Recently, a detailed QCM examination 
of the reductive desorption of alkanethiols 
and mercaptoalkanoic acids from Au 
electrodes in various ethanolic alkaline 
solutions and supporting electrolytes was 
conducted by Shimazu and coworkers [32]. 
They accurately determined the desorption 
charge by subtracting the contribution 
from the double-layer charging, which can 
be determined by the following equation, 

Gdl = [(£ P - pzc Au )C Au ] 

- [(£n - pzc sam )Csam] (5) 

where pzc* and C x are the potential of 
zero charge and the capacitance of x (x = 
uncoated gold or SAM), respectively, and 
E p and E n ( Ep > E n ) are the potential lim- 
its between which the reduction current in 
a linear sweep voltammogram was inte- 
grated. Using the determined desorption 
charge and the total frequency change ob- 
tained during desorption, the mass change 
when one mole of electrons (one Faraday) 
passed was obtained according to Eq. (5). 
This mass change was denoted as the mass 


per electron (mpe). 


mpe = 


-A/-S 

(0des/F) 


(6) 


The symbol S is a proportionality con- 
stant in Sauerbrey’s equation (e.g. 17.7 x 
10 -9 g cm -2 Hz -1 for 5-MHz AT-cut 
quartz crystals). It should be mentioned 
that different names such as the appar- 
ent molar mass, MW app , are also denoted 
to the quantity given by Eq. (6) instead of 
mpe. 

The mpe was determined for the re- 
ductive desorption of alkanethiol SAMs 
of various chain lengths from hexanethiol 
(C6SH) to C18SH in a 0.1 M KOH/ethanol 
solution. It linearly increases with the 
chain length with a slope close to the mass 
of CH 2 , as expected for a one-electron pro- 
cess. However, the mpe is much smaller 
(by 148 g mol -1 ) than the molar mass of 
the desorbed alkanethiol. This difference 
is attributed to the simultaneous adsorp- 
tion of cation species from solution, which 
is supported by the observed cation depen- 
dence of mpe and by the fact that the pzc of 
a bare gold electrode is more positive than 
the desorption potential. 

Various pieces of information on the 
SAM and/or SAM/solution interfaces can 
be obtained from the mpe values. On the 
basis of the mpe for the reductive des- 
orption of mercaptoalkanoic acid SAMs 
of various chain lengths (mercaptopropi- 
onic acid (MPA) to mercaptoundecanoic 
acid (MUA)), for example, Shimazu and 
coworkers concluded in the same pa- 
per [32] that the terminal carboxylate of a 
SAM is associated with the solvated cation 
(the solvation numbers are 1.6, 2.4- 3.0 
and 0.2 for Li + , I< + and Cs + , respectively). 

The mass decrease upon the re- 
ductive desorption was sometimes ex- 
tremely greater than that expected for the 
monolayer. Although we should take into 



account the contribution from the sol- 
vent incorporation into the SAM and/or 
the interfacial association such as the 
case described above, the large mass de- 
crease is often evidence for the multilayer 
formation. Such a large mass decrease 
was observed upon the desorption of the 
C10SH SAM, which was conducted in 
acetonitrile a short time after the self- 
assembly initiation [33]. 

Surface plasmon resonance (SPR) pro- 
vides thickness information at the elec- 
trode/solution interfaces on a nanometer 
level. Therefore, SPR has recently been 
recognized as an alternative method to 
obtain information concerning the ma- 
terial transport. Bailey et al. [34] exam- 
ined the reductive desorption of C18SH 
SAMs in 0.1 M TEAP/aceto nitrile using 
an SPR/QCM combined system for the si- 
multaneous acquisition of both data. The 
two techniques gave nearly identical re- 
sults for the desorption kinetics of the film 
prepared by a 465 -min immersion of the 
electrode in a thiol solution. For the film 
prepared by a 160-min immersion, how- 
ever, the results were significantly different 
from each other (Fig. 3). This was consid- 
ered to be due to the difference in their 
physicochemical properties, on which both 
techniques are based. When the film is 
desorbed, namely, the C18S-rich layer in 
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solution quickly lose rigidity, resulting in 
the fact that the QCM is sensitive only to 
the actual desorption event. Because the 
change in the refractive index before and 
after desorption is relatively small, SPR 
follows the diffusion of the desorbed C18S- 
rich layer to the bulk solution. It should 
be noted that the lengths at which we can 
see the thiol molecules are comparable for 
both techniques. 

7. 2. 2. 3 Evaluation of End-group Functions 

7. 2. 2. 3. 1 Redox Properties The mass 
transport accompanying the redox of the 
ferrocene-terminated alkanethiol SAMs 
was examined by Buttry and cowork- 
ers [8] and by Uosaki, Shimazu, and their 
coworkers [9, 35-38]. The frequency de- 
creased upon oxidation to the ferricenium 
cation, and increased upon reduction to 
the uncharged ferrocene (Fig. 4). These 
behaviors are interpreted by the interfa- 
cial association between the ferricenium 
cation in the SAM and anion in so- 
lution. Although these behaviors were 
observed in all examined cases, the mpe 
for the redox of the ferrocene functionality 
was dependent on the SAM, the packing 
density of the ferrocene-terminated alka- 
nethiol and the identity of the anion. It is 
approximately half of the molar mass of 


Fig. 3 Comparison of C18S desorption 
kinetics as measured by QCM (5 MHz) 
and SPR for the SAM prepared by 
160-min immersion. Both QCM and 
SPR kinetics are nearly identical for the 
SAM prepared by 465 min immersion. 
(Adapted from Bailey et al. [34].) 
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the anion (CIO4 ) (ca. 50 g mol J ) for the 
p-(ferrocene-carbamyl) phenyl disulfide 
(FcADS) SAM in 1 M HCIO4 [8], At the sat- 
urated coverage of FcCllSH SAM (Tp c = 
3.0 x 10 -10 mol cm -2 ), however, the mpe 
(103 g mol -1 ) is the same as the molar 
mass of CIO4 - [36]. The latter indicates the 
strong binding between the ferrocenium 
cation and CIO4 - , and is taken as evidence 
for ion-pair formation. In the case of the 
FcADS SAM, on the other hand, some 
fraction of the ferrocenium cations seem 
to be weakly associated with anions in so- 
lution adjacent to the SAM so that these 
anions cannot be detected by the QCM be- 
cause they do not oscillate together with 
the quartz. 

The mpe is much larger at low 
FcCllSH coverages. For example, it 
is 370 g mol -1 at Tp c = 0.6 x 10 -10 mol 
cm -2 in 1 M HCIO4 [36]. Similar be- 
haviors, a smaller mpe at a high cov- 
erage and larger mpe at a low cover- 
age, were also observed for FcADS in 
0.1 M NaCl; 25 g mol -1 at T Fc = 3.0 x 
10 -10 mol cm -2 , 410 g mol -1 at Tp c = 
1.6 x 10 -10 mol cm -2 [8]. It is considered 
that this is due to the orientational change 


Fig. 4 Cyclic voltammogram 
(50 mV s- 1 ) of a FcCllSH SAM 
(3.1 x 10 14 molecules cm -2 ) on 
Au in 1 M HCIO 4 together with 
frequency response (5 MHz). 
(From Shimazu et al. [36].) 


in the adsorbed ferrocene derivatives in- 
duced by the redox of the ferrocene moiety 
in the SAMs. The molecular orientation of 
the adsorbed species changes from more 
parallel to more perpendicular upon oxida- 
tion probably due to the electrostatic inter- 
action between the charged neighboring 
species. As a result, the solvent molecule 
can be incorporated into the space created 
by this orientational change so that the mpe 
becomes much larger than the molar mass 
of the anion. This model was experimen- 
tally confirmed using an FT- 1 R reflection 
absorption spectroscopy/QCM-combined 
system developed by them [35, 37]. 

For the mixed ferrocenyloctanethiol 
(FcC8SH)/C18SH monolayers, the mpe 
was independent of the surface FcC8SH 
fraction at higher fractions, and in- 
creased with the decreasing fraction. Be- 
cause alkanethiol molecules occupied the 
space between the FcC8SH molecules, the 
change in the orientation of the alkyl 
chain of FcC8SH was strongly prohib- 
ited. Kawaguchi et al. [39] explained the 
large mpe values for the lower FcC8SH 
fractions by a “pocket” model; the per- 
chlorate and water molecules are incor- 
porated into the pocket surrounded by 
the C18SH molecules and a FcC8SH 




molecule at the bottom upon the oxidative 
formation of a positive charge, which 
makes the pocket hydrophilic. The con- 
stant and low mpe values at higher surface 
fractions, on the other hand, show that 
no such pocket exists, suggesting the 
mixed monolayers consisting of single- 
component domains. Thus, the mpe is 
considered to be a diagnostic parameter 
showing the microenvironment around a 
surface-confined FcC8SH molecule. 

The ion-pairing between the electroac- 
tive center of the SAM and ion in solution 
was also demonstrated by the QCM for 
SAMs of the alkanethiol derivatives of vi- 
ologen (CH 3 (CH 2 )„-iV 2 + (CH 2 ) m SH) = 
«VmSH, V is viologen group) [40]. The 
frequency decrease due to anion loss 
was observed upon the reduction for all 
the examined viologen SAMs (1V12SH, 
10V3SH, and 10V10SH). The number of 
water molecules expelled from the SAM to- 
gether with the anion was calculated from 
the mpe values. It depends on the iden- 
tity of the anion and on the proximity 
of the viologen moiety to the mono- 
layer/solution interface. 

1.2.23.2 Acid/Base Properties and Re- 
actions Wong et al. [41] first applied the 
QCM to the evaluation of the acid/base 
properties of SAMs. When the pH of the 
phosphate buffer solution in contact with 
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the mercaptohexadecanoic acid (MHDA) 

SAM -coated QCM was incrementally in- 
creased by adding 0.1 M NaOH, the reso- 
nance frequency sigmoidally increased to 
1200 Hz. On the basis of the impedance 
analysis and the frequency measurements 
using the BT-cut QCM, it was concluded 
that the observed large frequency increase 
is mainly attributed to changes in the vis- 
coelastic properties of the hydrodynamic 
layer in contact with the QCM, with a mi- 
nor contribution from the increase in the 
tensile stress with increasing pH. The ap- 
parent p K a determined from the inflection 
point of the frequency-pH curve exceeded 
eight, depending on the electrolyte con- 
centration. 

Totally different results were obtained 
by Shimazu and coworkers for the titra- 
tions of the SAMs of mercaptoalkanoic 
acids of different chain lengths (MPA, 
MHA=mercaptohexanoic acid, MUA, and 
MHDA) [42-44]. The resonance frequency 
of the QCM was continuously monitored 
when the pH of an unbuffered 0.1 M 
NaCl solution was increased by adding 
0.1 M NaOH at a constant flow rate 
(Fig. 5). The frequency decreased by ca. 

2 Hz independent of the chain length in 
the NaCl/NaOH solution, but was depen- 
dent on the cation (I< + , Cs + ) used for 
the electrolyte and titarant solutions. The 
impedance analysis also showed that the 


Fig. 5 S urface mass titration 
curves for (a-e) SAMs of thiols 
and (f) bareAu. (a) MHDA, 

(b) MUA, (c) MHA, (d) MPA, 

(e) mercaptodecanethiol. QCM: 
5 MHz. (From Shimazu 
et al. [42].) 
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change in the viscoelastic properties at the 
interface had no effect on the resonance 
frequency. Therefore, it is concluded that 
the frequency decrease is attributed to the 
change in mass due to the cation associa- 
tion with the carboxylate anion formed by 
the surface acid/base reaction. This tech- 
nique was called surface mass titration. 

The surface p determined from the 
pH at half the total frequency change is 
6.4-5. 8 and slightly dependent on the 
chain length of the thiol; the longer 
chain mercaptoalkanoic acid produces a 
larger surface pK a (Fig. 5). The surface 
pA" a of MUA in its self-assembled single- 
component adlayers of various coverages 
and in the mixed monolayers with alka- 
nethiol has been also examined. The p/6 a 
value shifted in a positive direction with 
an increase in the surface coverage of 
MUA in both monolayers, showing the 
repulsive interaction between neighboring 
carboxylates. The p K A at zero coverage is 
4.8 for the single-component adlayers and 
5.6 for the mixed monolayer. Therefore, 
the surface p is structure-dependent 
or sensitive to the environment around 
the surface carboxylic acid group. There 
exists a linear relation between the total 
frequency change and the coverage of the 
single-component adlayers with the slope 
of 48 g-mol _1 from which it is concluded 
that the cation is associated in the hydrated 
formofNa + ■ I. 4 H 2 O. 

The apparent surface ipK 3 of the MHDA 
monolayers was also determined under 
potential control [44], It shifted in a 
negative direction from 6.4 at —200 mV 
to 4.3 at —700 mV versus Ag/AgCl. When 
applying potentials more positive than 
600 mV, the pK a has a tendency to shift 
in the positive direction. These results 
demonstrate that the surface acid/base 
properties of the SAMs can be controlled 
by the electrode potential. 


The surface reactions between the 
acid/base functionalities of the SAMs and 
a weak base or acid were also examined in 
the vapor phase in relation to the sensing 
of these materials. Sun et al. [45] has mea- 
sured the frequency response of an ST-cut 
SAW device while passing a CH 3 (CH 2)9 
NH 2 /N 2 vapor stream through the MUA 
SAM. Although a rapid condensation of 
multilayers was formed, most of them des- 
orbed upon N 2 purging except for the 0.9 
monolayer adsorbed on the acid surface. 
Okahata et al. [46] examined the adsorp- 
tion of acetic acid from vapor phase onto 
various functional groups of SAMs such 
as - NH 2 , - CONH 2 , and - COOH us- 
ing a 9-MHz QCM at seven times overtone 
mode. The adsorption isotherms were an- 
alyzed using the BET equation. The ratio 
of the binding constants of the monolayer 
and multilayer adsorption was calculated 
to be 62, 4.6, 5.6 and 1.9 for the - CONH 2 , 

- COOH, - NH 2 , and - CH 3 monolay- 
ers. In other words, acetic acid tends to 
be adsorbed as a monolayer on - CONH 2 , 
and as multilayers on the other SAMs. 
Data for the low vapor pressures were 
also analyzed using the Langmuir adsorp- 
tion isotherm. The association constant 
on - COOH monolayer (4.9 x 10 4 M _1 ) 
is smaller than those on a - CONH 2 , and 

- NH 2 monolayers ( 6 . 3-6. 9 x 10 4 M~ 4 ). 
The modes of binding interactions are 
thought to be acid/base for the - NH 2 
monolayer and a hydrogen bond for the 

- CONH 2 and - COOH monolayers. The 
three times increase in the association con- 
stant on - COOH was also demonstrated 
by the mixed monolayers of - COOH and 
alkanethiols. It was thought that the cleav- 
age of the lateral hydrogen bonds between 
the neighboring carboxylic acids was im- 
portant for strengthening the hydrogen 
bonding with acetic acid. 



7.2.2.33 Molecular Recognition on SAM 

The inclusion of guest molecules into 
the cavity of macrocyclic compounds 
confined to the electrode surface was 
also examined using a QCM. The p- 
Tert-butylcalix[4]arenetetrathiolate ( B CAT) 
monolayers exhibited higher QCM re- 
sponses for alkylbenzene molecules com- 
pared with nonalkylbenzene molecules 
[47]. The percentage of filled cavities 
reached more than 80% for the alkylben- 
zene molecules, but was below 15% for the 
nonalkylbenzene molecules. 

Recently, the enantioselective detection 
of a chiral amino acid, D- and L- 
phenylalanine (Phe), was demonstrated 
using (R)- and (5')-l,l , -binaphthalene- 
2,2'-dithiol (BNSH) SAMs and a QCM 
by Nakanishi etal. [48]. An increase in 
the steady state mass of ca. 8 ng cm -2 
was observed for the D-Phe/(5')BNSH 
SAM and L-Phe/(R)BNSH SAM systems, 
whereas, no net mass change was observed 
for the D-Phe/(R)BNSH SAM and L- 
Phe/f.SjBNSH SAM systems (Fig. 6). 

The QCM measurements of the DNA 
hybridization were conducted by sev- 
eral groups [49-55]. Okahata et al. [49, 50] 
detected the hybridization between the 
adlayer of the thiol-derivatized 10-mer de- 
oxynucleotide (coverage: 8%) and a target 
M13 phage single-strand DNA and vari- 
ous 10-mer oligonucleotides in aqueous 
solutions. The kinetic measurements of 
the DNA hybridization was performed 
using a 27 MHz QCM and biotinylated 
oligonucleotides immobilized to avidin 
monolayers. The association and dissocia- 
tion constants were obtained from the time 
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course of the hybridization and Eqs. (1-2). 

The A' a and Ay values and hence the associ- 
ation constant K 3 (= Ay/Ay) are dependent 
on the ionic strength of the solution, 
temperature, chain length of the nu- 
cleotide, and the number of mismatching 
bases. K a increased with the increas- 
ing ionic strength (0.24-24 x 10 6 M -1 
for 0. 1-0.5 M NaCl) and chain length 
of the nucleotide (1.2- 39000 x 10 6 M -1 
for 10-30-mer), and with decreasing tem- 
perature (1.7-26 x 10 6 M -1 for 30-0 °C) 
and the number of mismatching bases 
(4.8- 570 x 10 6 M -1 for 3-0 in 20-mer 
target nucleotide). For the hybridization 
between a 20-mer probe nucleotide on 
the QCM and a 20-mer target nucleotide, 
the percent hybridization is 100% for the 
fully complementary nucleotide (MM0), 
and 50% for the nucleotide having one mis- 
matching base (MM1). For 30-mer probe 
and target having one mismatching base, 
on the other hand, nearly 100% hybridiza- 
tion efficiency was reported [53]. From the 
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Fig. 6 QCM (9 MHz) responses of 

BNSH SAMs upon the injection of D- 

(a) and L-Phe (b). Filled and open 

symbols indicate responses on (R)- and 

(S)-BNSH, respectively. (From 

Nakanishi et al. [48].) (b) 
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Fig. 7 Frequency responses of streptavidin-treated QCMs 
(10 MHz) to (1) probe (biotin-terminated 30-mer nucleotide) 
immobilization, (2) MM0 target (upper curve) and MM1 
target (lower curve) DNA hybridization, and (5) MutS protein 
binding. Arrows (3), (4), and (6) show the change in buffer 
system. (From Su et al. [53].) 



maximum binding amount obtained from 
the isotherm and Eq. (3), an approximate 
1 : 1 binding between the target and probe 
nucleotides was demonstrated. MutS pro- 
tein, a component of the Escherichia Coli 
mismatch repair system, binds the DNA 
containing mispaired and unpaired bases. 
Although the hybridization signals of the 
30-mer probe DNA were very similar for 
MM0 to MM1, the MutS binding signals 
after the formation of DNA duplex were 
remarkably different for these nucleotides 
(Fig. 7), and showed a discrimination be- 
tween these nucleotides by a factor of 2.9, 
which is smaller than that obtained by SPR 
(> 10). This is due to the viscoelasticity 
effect on the QCM frequency. 

The association constants between strep- 
tavidin and the biotin group were deter- 
mined from the study of the construction 
of protein-DNA double and triple layers 
( 1 st layer: biotinylated lipid monolayer, 
2nd: streptavidin, 3rd: biotinylated lipid 
double-strand oligonucleotide, 4th: strep- 
tavidin) using a 9-MHz QCM, and found to 
be 4.8 x 10 7 , 3.2 x 10 8 and 3.6 x 10 5 M _1 


for the binding between lst-to- 2 nd, 2 nd-to- 
3rd, and 3rd-to-4th layers, respectively [52]. 

7. 2. 2. 4 Application for Sensors 

In order to use the QCM as a sensor, 
it is important to increase the sensing 
sites. Collected in this section are stud- 
ies using well-ordered multilayers and the 
self-assembled adlayers immobilized on 
porous silica particles as sensing matrices. 
The copper biphenylbis(phosphonate) thin 
films (5 and 20 layers) grown in a layer-by- 
layer fashion were used for the gas phase 
sensing of NH 3 [56]. The QCM responses 
due to the NH 3 intercalation were demon- 
strated over a wide range of NH 3 con- 
centrations (0.01-25%), although linearity 
between the frequency response and con- 
centration was not observed. The response 
time is about 90 s. The L-B films ofpoly{3- 
[cohydroxyhexyl(thiophene)]} and poly[3- 
(octylthio)- 2 , 2 / bithiophene[ exhibited an 
adsorption of the first-row transition ions 
in the order of Cu 2+ > Ni 2+ > Co 2+ > 
Zn 2+ > Fe 2+ due to the complexation of 
metal ion with sulfur atoms in the poly- 
mers [57]. The LB films also showed higher 




responses for Ag + and Hg 2+ ions. The 
signal linearly increased over a wide range 
from 0.1 to 100 ppm in aqueous solutions. 
The bound mercury can be removed by 
EDTA solutions. The QCM sensing device 
for trace uranium was prepared by im- 
mobilizing an A-[3-(triethoxysilyl)propyl] 
phthalamic acid ligand on silica gel em- 
bedded in the adhesion layer on the Au 
electrode of the QCM [58, 59]. The detec- 
tion of UC> 2 2+ was conducted in a flow cell. 
Data were corrected for the solution den- 
sity effects, which was estimated using the 
reference crystal bearing no immobilized 
ligands. The corrected frequency change 
linearly increased up to several pM con- 
centrations. The subsequent flushing with 
acetate and water reestablished the original 
oscillation. 

7.2.3 

Polymeric Film Electrodes 

7. 2. 3.1 Conducting Polymers 

7. 2. 3. 1.1 Electrosynthesis It is well 
known that the electropolymerization of 
pyrrole is followed by the doping and si- 
multaneous incorporation of the anion as 
shown by 

nPy — (2 + <5)n e _ + <5nX“ 

= (Py +a 2Q-)n + 2nH+ (7) 

where S is the charge per pyrrole unit 
created by the oxidative doping and is 
known to typically be in the range of 
0.20-0.40 depending on the polymeriza- 
tion conditions. Baker and Reynold [60] 
examined the efficiency of the polymeriza- 
tion of pyrrole in nonaqueous solvents by 
determining the <5 values using an EQCM. 
The nearly constant S values were obtained 
at relatively high concentrations of pyrrole 
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(0.05-0.1 M). These values are 0.3 fortosy- 
late as the dopant anion and 0.2 for perchlo- 
rate in acetonitrile. During the initial stage 
of the polymerization, S is higher than the 
expected range, showing the formation of 
soluble oligomers. The low efficiency was 
also demonstrated for the polymerization 
at a low pyrrole concentration. 

The so-called self-doped polypyrrole is 
a copolymer of pyrrole having a covalent 
bonded anionic functionality and unsub- 
stituted pyrrole. The charge for the doping 
of the polymer was determined to be 0.21 
from the slope of the frequency change 
versus charge plot [61], which is in good 
agreement with 0.25 from the elemental 
analysis. These results show that the poly- 
merization proceeds with 100% efficiency. 
Higher charges for the doping, which show 
a lower efficiency, were obtained when 
“aged” pyrrole solutions were used. 

The EQCM was used to determine the 
doping charge during the electrosynthe- 
sis ofpoly(3-methylthiophene) by potential 
cycling in a LiClC >4 solution in acetoni- 
trile [62]. The value of 0.33 was obtained. 

For the electrosynthesis of polyaniline, 
much lower efficiencies were reported 
(40% for the potential cycling and 15% for 
the potentio static method) [63], although 
there exists a linear relationship between 
the frequency change and charge. These 
results were derived on the basis of the 
“dry” frequency change, which is the 
difference in the frequency between the dry 
polyaniline film and the bare crystal. The 
as-grown or wet film incorporates solvent 
molecules. To determine the number of 
water molecules incorporated in the film, 
Orata and Buttry [63] first determined 
the mass of the polyaniline film from 
the “dry” frequency change and the 
mass of the incorporated anion from 
the analysis of the EQCM data during 
the redox of the polyaniline films as 
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described in the following. By subtracting 
contributions of the polyaniline film and 
anion from the total frequency change 
obtained during the electropolymerization 
in aqueous solutions, they estimated the 
number of water molecules per polyaniline 
unit to be in the range of five to seven. 
The effect of the electrolyte anion on 
the grow rate was examined for HCIO4, 
4-toluenesulfonic acid (HTSA), and 5- 
sulfosalicylic acid (HSSA); the order is 
HTSA > HSSA > HCIO4. 

The electrosynthesis of a polyaniline film 
in nonaqueous solutions was investigated 
using an EQCM by Naoi et al. [64]. The 
growth rate of the film was quite slow dur- 
ing the initial stage of the polymerization 
in acetonitrile containing 0.5 M UCIO4. 
The authors considered that the charges 
during the initial stage were consumed 
for the production of dimers to produce 
enough protons to allow a further poly- 
merization. This was supported by the fact 


that the growth rate during the initial stage 
increased with the addition of CF3COOH 
to the acetonitrile. 

7. 2. 3. 1.2 Redox (Doping/Undoping) The 

EQCM is a powerful technique for evalu- 
ating the mass transport accompanying 
the redox switching of the conducting 
polymer between the conducting and in- 
sulating states. The first study was made 
by Kaufman et al. [65]. From their study 
and the subsequent studies conducted by 
other groups, the following general trends 
are obtained as to the ion transport dur- 
ing the redox of polypyrrole [66]. For the 
polypyrroles prepared in the presence of 
small anions such as CIO4 - , Cl - and to- 
sylate, charge compensation is achieved 
by cation and anion transport at less and 
more positive potentials of the redox wave, 
respectively (Fig. 8a). The cation transport 
becomes predominant through the wave 
for polypyrroles prepared with large anions 
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Fig. 8 Cyclic voltammograms (50 mV s _1 ) and QCM responses of 
(a) freshly prepared PPY and (b) PP-PS films in 0.2 M KCI. (Adapted 
from Basak et al. [61].) 




such as poly(4-styrenesulfonate). For 
the self-doped copolymer of polypyrrole, 
poly{pyrrole-co-[3-(pyrrole-l-yl)propane- 
sulfonate]}, ion transport accompanying 
the redox is restricted to the cationic 
species (Fig. 8b) [61, 67]. 

Cohen et al. [68] recently found using 
AFM that freshly prepared (in polyethy- 
lene carbonate) and long-term cycled PPY 
films showed quite different micromor- 
phologies and mass transport behaviors; 
the freshly prepared PPY films of unusual 
strictly oriented bunches of short fibrils 
showed a combined anion-cation trans- 
port as a function of the potential, whereas 
the cycled PPY of a typically granular film 
only revealed an anion exchange. It is 
also reported [69] that the repetitive redox 
cycling of PPY films caused the accumula- 
tion of a neutral salt and solvent in the film. 

Hillman et al. examined the mass trans- 
port accompanying the redox of polybithio- 
phene in acetonitrile containing tetraalky- 
lammonium salts [70]. The mass change 
is similar, but not identical to the value 
anticipated when a permselective anion 
transport is assumed. Detailed consider- 
ation as well as several pieces of exper- 
imental evidence show the involvement 
of the salt and solvent transport in op- 
posite directions. The anion transport 
accompanying the solvent was reported 
for poly(3,4-ethylenedioxthiophene) films 
in 0.1 M TEAPF6/acetonitrile [71]. 

In the case of the redox of polyaniline 
films, charge compensation is basically 
achieved by anion transport. However, 
the actual ion transport is influenced by 
the solution pH. Orata and Buttry [63] 
first examined this process using EQCM. 
Two redox waves appeared in the cyclic 
voltammograms in aqueous solutions. The 
first redox wave is attributed to the redox 
between the fully reduced polyaniline form 
and emeraldine salt. In the case that 
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the reduced polyaniline is not protonated, 
simple anion transport should take place. 

On the other hand, when the reduced 
polyaniline is fully protonated, only proton 
transport takes place because the anion is 
already incorporated even in the reduced 
film to compensate the positive charge 
of the protonated polyaniline. At the acid 
concentrations often used (0.1 -1.0 M), the 
reduced polyaniline is partially protonated. 
Orata and Buttry estimated the fraction of 
protonated aniline units in the reduced 
form, / r , using the following equations: 

Qox = F/oTpAn (8) 

MW a 

A/ox = (/o - /r)r PA n-^ (9) 

where Q ox is the charge passed during 
oxidation, F is the Faraday constant, TpA n 
is the number of aniline units in the film, 
fo is the fraction of aniline units with an 
accompanying anion in the oxidized form, 

MW a is the molar mass of the incorporated 
anion, and S is a proportionality constant 
which converts from frequency to mass 
per unit area. The equation shows that 
the positive charge formed during the 
oxidation is simply compensated by the 
anion. The fraction of protonated aniline 
units (/ r ) is also equal to that of aniline 
units with the accompanying anion in 
the reduced form. Since this fraction 
is smaller than that in the oxidized 
form, more anions corresponding to 

(/o-/r)TpAnMW a in mass should be 

incorporated upon the oxidation. Both 
f 0 and / r can be determined using 
the equations. The plf a of the reduced 
polyaniline is given by the pH at which 
half of the aniline units are protonated and 
is between —0.3 and —0.4. 

Inzelt et al. [72, 73] examined the mass 
transport during the redox of polyaniline 
films in various supporting electrolyte 
solutions containing the same anion used 
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in the electrosynthesis. The anions they 
used were Cl - , SO 4 2- or HSO 4 - , CIO 4 - , 
HTSA, and HSSA. The main features are 
independent of the identity of the anion. 
Upon oxidation during the first CV wave, 
the small mass decrease at lower potentials 
of the wave is followed by a large mass 
increase during the latter stage of the wave. 
The former mass decrease is attributed 
to proton expulsion and the latter to the 
incorporation of an anion. As described 
earlier, proton release results from the 
protonation of the reduced polyaniline. 
Therefore, the contribution of this process 
is strongly dependent on the degree of the 
protonation. With the increasing pH, as 
a result, proton expulsion becomes less 
substantial. It is also concluded from the 
mpe values that a counterflux of solvent 
molecules prevails when large anions such 
as HTSA and HSSA are used. 

A pronounced mass loss was observed 
during the second oxidation wave in the 
CV taken in various aqueous solutions. 
This results from the deprotonation of the 
polyaniline, which accompanies oxidation 
to the imine form. 

The redox behavior of the polyaniline 
films in nonaqueous solutions was ex- 
amined by Daifuku et al. [74]. The mass 
response during the first wave in 0.5 M 
UCIO 4 + acetonitrile was similar to that 
in aqueous solutions. However, the mass 
continuously increased upon oxidation 
during the second wave instead of the mass 
decrease observed in aqueous solutions. To 
account for the anion incorporation, the 
oxidation of emeraldine to the protonated 
imine was proposed. 

7. 2. 3. 2 Redox Polymers 

7. 2. 3. 2.1 Break-in Process As-prepared 
virgin films, which are uncharged and un- 
hydrated, often require several (at least 


one) potential scans to become fully 
electroactive and for the voltammogram to 
reach the steady state. This phenomenon 
is known as “break-in”, which was first 
found and defined by Kaufman [75]. The 
break-in process of poly(vinylferrocene) 
(PVF) films in a 0.1 M NaCl 04 solution 
was examined by Hillman et al. [76]. They 
estimated the neutral species flux during 
the potential cycling from the current and 
mass response assuming that electroneu- 
trality of the film is simply maintained 
by the ingress of the anion (permselective 
conditions, see following text). The entry 
of water into the unhydrated and reduced 
film did not occur until 40% of the film was 
oxidized. It should be mentioned that an- 
ion transport took place along with a small 
amount of water even during this initial 
oxidation stage. Of the water taken up dur- 
ing the first scan, about 50% was retained 
upon reduction, and consequently the film 
became swollen. This partially irreversible 
uptake of water was also reported by 
Inzelt and Bacskai [77]. The break-in pro- 
cess is rather complicated in the presence 
of NO 3 - , and hence the EQCM response 
during the first cycle was dependent on the 
conditions of the film preparation. 

7. 2. 3. 2. 2 Redox The most widely exam- 
ined are the poly-(vinylferrocene) (PVF) 
films, since Varineau and Buttry first 
reported them [78]. For the SAMs of 
ferrocenylalkanethiols and their analogs, 
ion association took place only at the 
SAM/solution interface. For the polymeric 
films, however, it took place not only at 
the interface but also through the bulk 
of the polymeric film layer. The mpe is a 
strong function of the electrolyte concen- 
tration, identity of the electrolyte anion and 
even the conditions of the film preparation. 
The observed mpe for CIO 4 - ranges from 
105 to 250g mol -1 at the low electrolyte 



concentrations below 0.1 M. The cation 
(Na+, NH 4 +, N(Me) 4 +, N(Et) 4 +) has no 
effect on the mpe [79]. Therefore, ion trans- 
port is considered to be a permselective 
(only anion incorporated into the polymer 
film to compensate for the cationic charge 
of the ferrocenium ion formed during the 
oxidation of PVF), and the excess mass 
is attributed to solvent incorporation. Af- 
ter the break-in or under the steady state 
redox conditions, the mass transport is re- 
versible. Hillman et al. [79] found a linear 
relationship between the mpe and molar 
mass of the anion used (NO3 - , Cl0 4 - , 
PF 6 - and tosylate) with a nonzero inter- 
cept and the slope of 1.9. These results 
indicate that different anions carry differ- 
ent amounts of solvent (water). Different 
results are also reported for the anion 
dependence of the mpe by Inzelt and Bac- 
skai [77]; the mpe s for NC>3 _ and S0 4 2- 
are slightly and much (more than twice) 
greater than that for Cl0 4 ~, respectively. 
They considered that the hydration of the 
anion played an important role. The PFg - 
insertion with no accompanying solvent 
was reported by Varineau and Buttry [78], 
and interpreted by the weak hydration na- 
ture of this anion. In a NaCl solution, a 
large frequency increase was observed af- 
ter a slight decrease during the oxidation of 
PVF. This is due to the electrochemically 
induced dissolution or delamination of the 
film, although there remains the possibil- 
ity that it is due to the high degree of film 
swelling. The anion transport with accom- 
panying solvent is generally observed not 
only in an aqueous solution but also in a 
nonaqueous solution [80]. 

At high electrolyte (C10 4 _ ) concentra- 
tions above 1 M, the mpe became greater 
with the increasing concentration up to 
430 g mol -1 at 5 M [79]. This is due 
to the failure of the permselectivity or 
the ingress of the salt. On the basis 
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of transient chronoamperometric/EQCM 
measurements, it was concluded that 
transport rates decrease in the order 
C10 4 “ > NaCl0 4 " > H 2 0 [81], 

Ion exchange of multiply charge anions 
into oxidized PVF films occurs during 
repetitive potential cycling in a KNO3 
solution containing either Fe(CN)6 3- or 
Fe(CN)6 4 ~ [82, 83]. The increase in the 
mass of the reduced PVF and small mass 
change during each cycle show that an 
irreversible exchange gradually proceeds 
due to the electrostatic cross-linking by 
these anions, resulting in the deactivation 
of the PVF films. Inactivation of the PVF 
films demonstrated by the current and 
frequency responses was also observed 
for ferrocene-modified siloxane polymers 
in NO3 - and HP0 4 2_ solutions [84]. 

This was ascribed to the irreversible 
formation of ionlike complexes between 
the inserted anionic species and oxidized 
ferrocene moieties. 

Oyama et al. [85] reported that the QCM 
response of A-isopropylacrylamide/vinyl- 
ferrocene copolymer film is reversed 
between above and below the swelling/ 
shrinking transition temperature shown 
by the admittance measurements. In the 
shrunken state (higher temperature), ion 
transport is rather selective toward the 
anion, while not in the swollen state (lower 
temperature). 

Ion transport at redox polymers other 
than PVF and its derivatives, such 
as [Os(bpy)2(PVP)Cl]+ (bpy = 2,2 , -bipyri- 
dine), PVP = poly(4-vinylpyridine) [86, 

87] and poly (A, A'-dimethylanilinium) 
film containing Fe(bphen)3 4 ~ (bphen = 
bathophenanthroline) [88, 89] was also ex- 
amined using a QCM. Only when the 
film rigidity, which depends on the film 
nature, electrolyte anion and the concen- 
tration, was confirmed, ionic transport was 
evaluated on the basis of the QCM data. 
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The highly selective recognition of halide 
ions by a cross-linked polyviologen film 
prepared by “anion-imprinted electropoly- 
merization” was demonstrated by Kamata 
etal. [90] using a QCM/UV-vis(reflection 
mode) combined system. All quanti- 
ties (charge, frequency, and absorbance 
changes) determined during the redox are 
strongly depressed for anions larger than 
the template anion used during the poly- 
merization, but are independent for the 
same or smaller anions. 

7.2.4 

Inorganic Films 

7.2.4. 1 Clay-modified Electrodes 

The self-assembly of the 2 : 1 smectite-type 
clay containing thiol groups on Au was 
performed in a chloroform suspension of 
clay [91]. The formation of a monolayer or 
a partial double layer was demonstrated 
from the frequency change. In other 
studies on the clay-modified electrodes, 
the clay-precoated QCM was used to 
examine the swelling of the clay films, 
and the adsorption and redox of the 
metal complexes. 

Oyama et al. [92, 93] conducted admit- 
tance measurements of a montmoril- 
lonite clay film and a montmorillonite 
clay/poly(vinyl alcohol) composite film 
in various concentrations of Na2SC>4. A 
drastic change in the equivalent circuit re- 
sistance was observed at the concentration 
of ca. 0.2-0. 3 M, and was attributed to a 
structural change in the clay film from a 
face-to-face structure in a higher concen- 
tration to an edge-to-face structure in a 
lower concentration. The latter structure is 
considered to be relatively flexible, swollen 
and viscoelastic, and therefore, acts as a 
resistance to the oscillation. In the case of 
the clay/PVP composite film, the motion 
freedom of the individual clay platelets 


is limited due to the plausible hydrogen 
bonds between the PVP and clay. As a re- 
sult, no drastic change in the equivalent 
resistance was observed. The resistance 
was also dependent on the valence of 
the cation. 

The adsorption and redox of metal com- 
plexes on clay-modified electrodes were 
examined by Yao et al. [94]. The species 
adsorbed on a saponite clay film by 
the exchange with a hydrated sodium 
ion in the clay film were identified 
from the mass change and absorbance 
change of the metal complexes in so- 
lution as follows: [Ru(bpy)3] 2+ -1/2S04 2- 
for racemic body, [Ru(bpy)3] 2+ and 
[Ru(bpy)3] 2+ -1/2S04 2 ~ for enantiomers, 
and [Ru(NH 3) 6 ] 3+ -S0 4 2 -. The EQCM 
results revealed that one [Ru(bpy)3] 3+ 
molecule was eliminated from the clay 
film when three [Ru(bpy)3] 2+ ions were 
oxidized [95]. The charge balance during 
the redox reactions was accomplished by 
the transport of SO4 2- and Na + in the 
cases of [Ru(NH 3 ) 6 ] 3+ and [Fe(CN) 6 ] 4- . 
The adsorption and redox of [Fe(CN)6] 4- 
on an anionic clay-modified electrode (hy- 
drotalcite) were also examined [96]. 

7. 2. 4. 2 Oxide Films 

The intercalation and deintercalation of 
unsolvated Li + ions into and out of 
electrochromic oxide films (WO3, V6O13) 
were clarified by the mpe (ca. 7 g mol -1 ) 
during the redox of the oxide films in 
LiCl04/propylene carbonate [97, 98]. 

WO3 + xLi+ + xe - = Li v WO 3 (10) 

V 6 Oi 3 + x Li + + xe - = Li v V 6 Oi3 (11) 

The addition of trifluoroacetic acid into 
the electrolyte solution decreased the 
mpe to ca. 4gmol -1 , suggesting the 
contribution of proton transport [97]. 



7. 2. 4. 3 Prussian Blue and its Analogs 

More extensive studies were conducted 
for the formation and redox of Prus- 
sian Blue (PB) films and its analogs, 
which are also considered as potential elec- 
trochromic materials. 

The EQCM studies of the formation and 
redox of PB films were first and extensively 
conducted by Feldman and Melroy [99]. 
The electroreductive deposition is usually 
performed in an equimolar mixture of 
K 3 Fe(CN) 6 and FeCl 3 (pH = 2). They 
reported the mpe value of 643. 5 g mol -1 for 
the deposition process in 2 mM solutions. 
The mpe obtained using the dry mass was 
327.9 g mol -1 , showing the incorporation 
of water molecules in the as-grown films. 
Shimazu et al. [100] obtained somewhat 
smaller mpe values of 478 on Au and 
378.7 g mol -1 on indium tin oxide(ITO) 
in 10 mM solutions. Clearly, the extent of 
water incorporation is dependent on the 
experimental conditions. 

The frequency decreased upon the re- 
duction of the PB films, and increased 
upon their reoxidation (Fig. 9) [101]. The 
oxidation of PB films was also accompa- 
nied by a frequency increase [102] . The mpe 
depends on the cation used [103]. These 
results indicate that the cation transport 
is predominant in both redox processes. 
The mpe values in neutral aqueous solu- 
tions were smaller than the molar mass 
of the cation (23.3 g mol -1 for the re- 
duction of PB on Au in KN0 3 ), thus 
showing the simultaneous transport of 
water molecules; the cation inclusion is 


Fig. 9 (a) Cyclic voltammogram 

(10 mV s -1 ) of a PB film on an ITO 
electrode in 1 M KCI with 
simultaneously obtained (b) frequency 
change (5 MHz), and (c) absorbance 
change (700 nm). (From Shimazu 
etal. [100].) 
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accompanied by water exclusion. Shi- 
mazu et al. [100] examined the redox of 
PB films on ITO using an EQCM/UV- 
vis spectroscopy combined system they 
had developed [104]. The absorbance at 
700 nm (absorption maximum of PB 
films) was simultaneously recorded to- 
gether with the current and frequency. 

The absorbance decreased upon the re- 
duction and oxidation of PB films. The 
mpe values were determined using the 
absorbance change (the molar absorption 
coefficient was determined from the slope 
in absorbance-charge plot for the film de- 
position) instead of the charge to avoid 
uncertainty in the charge caused from the 
difficult estimation of an accurate double- 
layer charging current. They were 28 and 
33 g mol -1 for the reduction and oxidation 
of the PB films, respectively. On the ba- 
sis of these results, the following reaction 
schemes were derived for the reduction 
of PB 



E/V vs. Ag/AgCI 
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Fei n [Fe n (CN) 6 ]3-3KCl-3H20 + 4e“ 

+ 4K+ > ^Fe^Fe'^CNjfijs 

•3KCM/3H 2 0 - 8/3H 2 0 (12) 

and for the oxidation of PB 

Fe^ I [Fe II (CN) 6 ] 3 -3KCl-3H 2 0 - 3e“ 

+ H 2 0 > Fe; n [Fe ln (CN ) 6 ]3 

•3Cr-4H 2 0 + 3K+ (13) 

The transport of water during the 
redox of the nickel analog of PB (nickel 
ferrocyanide) in the opposite direction 
against the cation transport was adequately 
demonstrated by a comparison of the 
frequency changes in H 2 0 and D 2 0. For 
the redox of PB films in acidic solutions, 
the proton transport contributed to a 
greater extent as shown by the smaller 
mpe values. 
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Electrochemical Scanning Tunneling 
Microscopy 
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7.3.1 

Introduction 

Until recently, there were few in situ meth- 
ods available for the structural determina- 
tion of an electrode surface, in solution, 
at the atomic level. Atomic-level informa- 
tion had previously been acquired only via 
surface spectroscopic techniques in ultra- 
high vacuum (UHV) [1, 2]. However, since 
its invention by Binnig and Rohrer [3], 
scanning tunneling microscopy (STM) has 
been immediately established as an in- 
valuable and powerful surface analysis 
technique with atomic resolution in UHV. 
On the other hand, developments in STM 
operated at solid-liquid interfaces led to 
its valuation as the premier technique for 
atomic-level surface structural investiga- 
tions of chemical processes taking place at 
solid-liquid interfaces. It has been demon- 
strated that in situ STM makes it possible 
to monitor, under reaction conditions, a 
wide variety of electrode processes such as 
the adsorption of inorganic and organic 
species, the reconstruction of electrode 
surfaces, and the dissolution and deposi- 
tion of metals and semiconductors. Several 
review articles on in situ STM and re- 
lated techniques such as in situ atomic 
force microscopy (AFM) have been pub- 
lished [4-7]. The reviews by Gewirth and 
Niece [6] and the present author [7] are the 
most comprehensive in terms of results 
obtained on various substrates of metals 
and semiconductors. 
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Because of publication limitations, the 
present chapter describes only a few 
topics for adlayer structures of iodine, 
sulfate/bisulfate, and simple aromatic 
molecules on well-defined single-crystal 
electrodes. Experimental procedures are 
only briefly described, because detailed 
reviews on this aspect have already been 
written [5]. 


7. 3. 2.1 Principle of Scanning Tunneling 

Microscopy 

In conventional STM operated in vacuum 
or air, a voltage (V) is applied between 
the substrate and tip electrodes as shown 
schematically in Fig. 1. The tunneling 
current density (ij) can be expressed 
by Eq. (1) when a low-bias voltage is 
applied [8]. 

e 2 (ImS) 1 ! 2 - . n 

z't =72 7 F expi—Aifi 1 / 2 As) (1) 

h L As 

Where e and h are the charge of electron 
and the Planck’s constant, respectively. <fi is 
the mean barrier height. As is the distance 
between the two electrodes. A is defined 
by Eq. (2). 

A = 4jr(2m) 1/2 /h (2) 

where m is the mass of electron. As 
can be seen in Eq. (1), the tunneling 
current is exponentially dependent on 
the width of the potential barrier (As) 
(and the square root of the mean barrier 
height. This characteristic exponential 
dependence allows STM to achieve the 
high resolution in the z axis. For typical 
metals (4> = 4-5 eV) the predicted change 
in the tunneling current (ij) by 1 order 
of magnitude for the change As = 0.1 nm 
has been verified. If the tunneling current 


7.3.2 

Experimental Aspects 
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<j > : Mean barrier height 
V : Applied voltage 
As : Tunneling gap 
E F : Fermi level 

Fig. 1 Tunneling barrier between two metal electrodes (substrate and tip). 


is kept constant to within 2%, then the 
tunneling gap (As) remains constant to 
within 0.001 nm. 

7. 3. 2. 2 Principle of Electrochemical 
Scanning Tunneling Microscopy 

The review by Siegenthaler describes a de- 
tailed comparison between various types 
of electric circuits to control the elec- 
trode potentials of the tunneling tip and 
the substrate independently using the so- 
called bipotentiostat [5]. Figure 2(a) illus- 
trates the apparatus of in situ STM with the 


four-electrode configuration. Figure 2(b) 
depicts the electrochemical cell for the 
four-electrode configuration. Using a bipo- 
tentiostat, the electrode potentials of the 
substrate (W E\) and the tunneling tip 
(W Ei) can be controlled independently 
with respect to a reference electrode (RE). 
The electrochemical current (/p) flowing 
through the substrate and the counter- 
electrode (CE) can be monitored from the 
output of a current follower. The tunnel- 
ing current (ij) can be measured by the 
other amplifier. The potential difference 
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Display 



Fig. 2 Apparatus of in situ STM with the four-electrode configuration. 


between WE\ and W Ei is equivalent to 
the bias voltage (V) in Fig. 1. 

The sidewall of the tip must be isolated 
to reduce a background electrochemical 
current flowing through the tip. Soft glass, 
organic polymers, and Apiezon wax have 
been used. Details of tip coating methods 
have been described by Siegenthaler [5]. 

7. 3. 2. 3 Preparation ofWell-defined 
Electrode Surfaces 

As a fundamental basis for all STM studies, 
electrode -electrolyte interfaces must be 
prepared reproducibly, and methods must 
be established to observe these interfaces 
accurately. Well-defined single crystalline 
surfaces must be exposed to solution 
to understand surface structure-reactivity 
relationships on the atomic scale. Efforts 
have succeeded to produce extremely well- 
defined, atomically flat surfaces of various 
electrodes made of noble metals, base 
metals, and semiconductors without either 
oxidation or contamination in solution. 

7. 3. 2. 3.1 Flame-annealing and Quenching 
Method A unique and very convenient 
way to expose well-defined clean Pt into 
aqueous solution was proposed by Clavilier 
in 1980, in which mechanically exposed 


single-crystal Pt was annealed in an oxygen 
flame and quenched in pure water [9], He 
also established a method of preparing 
a single-crystal Pt electrode by melting 
a Pt wire in the flame. This technique 
was extended by Hamelin for Au [10], by 
Furuya for Ir [11] and by us for Rh and 
Pd [12], 

Figure 3 shows typical examples of cyclic 
voltammograms (CVs) of the three low- 
indexed Pt surfaces in a sulfuric acid solu- 
tion obtained in our laboratory. The result 
shown in Fig. 3 shows that the hydrogen 
adsorption-desorption reaction is a very 
structure-sensitive reaction on the Pt sur- 
faces, as indicated by the different shapes 
and peak positions for the CVs of the dif- 
ferent crystalline faces. Although Clavilier 
and coworkers quantitatively analyzed the 
binding sites of hydrogen using systemati- 
cally prepared stepped surfaces [13], more 
recent investigations using a CO replace- 
ment technique clearly indicate that the 
charges shown in Fig. 3 include a signif- 
icant contribution of the adsorption and 
desorption of sulfate/bisulfate [14]. 

Nevertheless, a direct evidence to sup- 
port the existence of well-defined sur- 
face in solution was demonstrated by us 
in 1990 using electrochemical STM [15]. 
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Figure 4(a) shows our first STM image of 
a flame-annealed Pt(lll) in sulfuric acid 
solution. The height of each step is ca 
0.23 nm in accord with the monatomic 
step height of 0.238 nm on the Pt(lll) 
surface. The monatomic steps observed on 
the surface are usually located on nearly 
parallel straight lines or form an angle of 


Fig. 3 Cyclic voltammograms of 
Pt(lll), Pt(110), and Pt(100) in 0.5 M 
H 2 SO 4 . Scan rate: 50 mV s _1 . 

60° as expected for the surface with three- 
fold symmetry. The terraces seem to be 
atomically flat. Later, it was shown that 
the terrace was composed of Pt atoms 
forming a (1 x 1) structure as shown in 
Fig. 4(b) [16]. On the upper and lower ter- 
races, the Pt(lll)-(1 x 1) structure was 
clearly discerned at potentials near the hy- 
drogen evolution reaction. The nearest- 

Fig.4 In situ STM images of the 
flame-annealed Pt(lll) in solution. 

neighbor spacing and corrugation height 
were 0.28 and 0.03 nm, respectively. 

Flame-annealed Au single crystals were 
more frequently used for various studies 
including the potential induced recon- 
struction investigated by several groups [6, 
7, 17]. However, it must be emphasized 
that the flame-annealing method can be 
applied only to Au, Pt, Rh, Pd, Ir, and 
possibly Ag. 

7. 3. 2. 3. 2 UHV-electrochemical (EC) 
Methods It is well established that 
clean surfaces are exposed in UHV by 
cycles of Ar-ion bombardment and high- 
temperature annealing. The surface struc- 
ture and composition are usually de- 
termined by low-energy electron diffrac- 
tion (LEED) and Auger electron spec- 
troscopy (AES). By using an ultrahigh 
vacuum-electrochemical (UHV-EC) sys- 
tem, in which a chamber for electrochem- 
ical measurements was interfaced to a 
UHV apparatus, well-defined substrates 
can be transferred into an electrochemi- 
cal cell in purified Ar atmosphere. This 
experimental procedure was successfully 
applied to various metals such as Pt, Au, 
Pd, Rh, and so on [1, 2]. However, for some 



metals such as Ni, the oxidation of the 
surface took place in the electrochemical 
chamber before immersion of the elec- 
trode into electrolyte solutions due to the 
presence of trace amounts of oxygen and 
water vapor [18]. The same difficulty was 
encountered for Cu electrodes [19]. It is 
clear that the problem of substrate oxida- 
tion of reactive metals occurring during 
the immersion and emersion processes is 
still unsolved in the UHV-EC method. 

7.3.2.33 lodine-CO Replacement Tech- 
nique It is important to note that 
iodine adlayers are known to protect 
highly sensitive surfaces of metal single 
crystals from oxidation and contamination 
in the ambient atmosphere, providing 
easy preparation and handling of well- 
defined surfaces in many aspects during 
electrochemical measurements [1, 2]. The 
iodine/CO replacement is known to be 
a method for exposing well-defined and 
clean surfaces of such electrodes as Pt 
and Rh in solution [20, 21]. The adsorbed 
iodine on these surfaces can be replaced 
by a CO adlayer. Clean surfaces are then 
exposed in solution by the electrochemical 
oxidation of CO from the surface. 

7.3.23.4 Electrochemical Etching Method 

As described above, the flame-annealing 
and quenching method can only be applied 
to limited metals such as Pt, Au, Rh, 
Pd, and Ir and cannot be used for more 
industrially important, less noble metals 
such as Ni, Co, Fe, and Cu, because they 
are heavily oxidized in the flame as well 
as in air. These metals are also difficult to 
transfer into electrolyte solutions without 
oxidation even by using UHV-EC. 

However, it was recently found that the 
anodic dissolution of various metals and 
semiconductors occurs only at the step 


7.3 Electrochemical Scanning Tunneling Microscopy | 577 

edge under carefully adjusted electrochem- 
ical conditions, resulting in atomically 
flat terrace-step structures [22]. Although 
the etching method has not yet been 
well recognized as a promising method 
for exposing well-defined surfaces of var- 
ious metals, we demonstrated that the 
layer-by-layer dissolution occurs on vari- 
ous semiconductors, such as Si, GaAs, and 
InP, resulting in the formation of atomi- 
cally flat terrace-step structures [7]. It was 
also found that the layer-by-layer dissolu- 
tion occurs on various metals such as Ni, 

Ag, Co, Pd, and Cu [7, 22], 

7.3.3 

Structure of Specifically Adsorbed Anions 

7.33.1 Iodine Adlayers 

The adsorption of anions such as iodide, 
bromide, cyanide, and sulfate /bisulfate 
on electrode surfaces is currently one of 
the most important subjects in electro- 
chemistry. It is well known that various 
electrochemical surface processes, such as 
the underpotential deposition of hydro- 
gen and metal ions, are strongly affected 
by coadsorbed anions [1, 2]. Particularly, 
structures of the iodine adlayers on Pt, 

Rh, Pd, Au, and Ag surfaces have been 
extensively investigated using UHV-EC 
techniques such as LEED [1], For exam- 
ple, the commensurate (^3 x ^3)R30°, 

(3 x 3), and (*/7 x */7)R19. 1° adlattices 
were found to form on the well-defined 
Pt(lll)-(1 x 1) surface, depending on the 
electrode potential and pH of the solu- 
tion [23]. More recently, these structures 
were confirmed by STM in both air [24] 
and solution [25]. In contrast with Pt(lll), 
only one phase of the commensurate 
x V 3 )^ 30 ° structure was observed on 
Pd(lll) and Rh (111) surfaces with in situ 
STM [26, 27]. 
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On the other hand, it has recently been 
recognized that the iodine adlayer struc- 
tures are more complicated on Au and 
Ag surfaces. Although several discrepan- 
cies about the iodine adlayer structure on 
Au(lll) (I-Au(lll)) are found in the lit- 
erature [28], surface X-ray scattering (SXS) 
studies recently carried out by Ocko et al. 
revealed structural changes of I-Au(lll) 
in KI solution [29]. They found an increas- 
ing degree of compression, the so-called 
electrocompression, of the iodine adlat- 
tice with increasing iodine coverage and 
electrode potential. Instead of commensu- 
rate structures found on Pt(lll), Rh(lll), 
and Pd(lll) as described above, they pro- 
posed that the iodine adlayer on Au(lll) 
should be characterized as two distinct 
series of incommensurate adlattices, a 
centered rectangular phase and a rotated 
hexagonal phase [29]. We have reported 
the structures of I-Au(lll) in KI solu- 
tion determined by both ex situ LEED and 
in situ STM [28], which agree with Ocko 
et al.’s SXS results. Similar electrocom- 
pression was also found on Ag(lll) using 
the LEED and in situ STM techniques [30]. 
Our results clearly demonstrate that the 
complementary use of LEED and in situ 
STM is a powerful technique for determin- 
ing atomic structures of the iodine adlayers 
on single-crystal electrodes. 

7. 3. 3. 2 Sulfate/bisulfate on Aufin), 
PtflTI), RhflTI), Ir(lTI), Pd(TII), and 
CuflTI) 

It has been demonstrated by several groups 
that in situ STM can be used to visualize 
adsorbed sulfate/bisulfate (designated be- 
low simply as sulfate) species on Au(lll), 
Pt(lll), and Rh(lll). An ordered structure 
with a (^3 x y/7) symmetry was first ob- 
served for the adsorbed sulfate/bisulfate 
on Au(lll) in sulfuric acid by Magnussen 


etal. [31], who proposed a model struc- 
ture on the basis of the assumption that 
the adsorbed species is bisulfate, not sul- 
fate, with a surface coverage of 0.4. More 
recently. Weaver and coworkers reported 
STM images with the same symmetry of 
x V?) on Au(lll) [32], as that ob- 
served by Magnussen et al. However, they 
proposed a possibility of incorporation of 
hydronium cations in the ordered sulfate 
adlayer by taking into account that the 
surface coverage of sulfate on Au(lll) 
determined by chronocoulometry and ra- 
diochemical assay is 0.2 [33]. Note that this 
surface coverage is one-half of that for the 
structure proposed by Magnussen et al. as 
described above. 

Stimming and his coworkers found by 
in situ STM that adsorbed sulfate ions on 
Pt(lll) form the same adlayer structure 
as that found on Au(lll) [34]. Ordered do- 
mains with (^3 x *J7) symmetry appeared 
in the potential range between 0.5 and 
0.7 V versus a reversible hydrogen elec- 
trode (RHE) in 0.05 M H 2 SO 4 . As shown 
in Fig. 3, only the (111) surface shows the 
characteristic butterfly peaks at potentials 
slightly negative than 0.5 V. Their STM 
observations confirmed that the butterfly 
peaks are formed because of the adsorption 
and desorption of sulfate ions as indicated 
by the CO replacement technique used by 
Clavilier as described above [14]. STM im- 
ages obtained on Pt(lll) were interpreted 
in terms of the coadsorption of sulfate 
anions and water. 

High-resolution STM imaging con- 
ducted on atomically flat terraces of 
Rh(lll) in H 2 SO 4 readily discerned 
atomic features as shown in Fig. 5(a) 
obtained near the step edges [35]. The 
image areas include three terraces with 
monatomic steps. It is clearly seen that 
parallel atomic rows in each domain are 
located in the directions forming angles of 



Fig. 5 High-resolution STM images of 

sulfate adlayer on Rh (1 1 1 ) obtained in 

h 2 so 4 . 

nearly 60 or 120°. It is also recognized that 
individual bright spots exist very near the 
monatomic step. This observation strongly 
indicates that the entire surface of Rh(lll) 
is almost completely covered by adsorbed 
sulfate ions even very near the end of the 
terraces. 

Figure 5(b) presents an STM image 
showing a more detailed internal structure 
acquired in an area where a single domain 
appeared on a wide terrace. It can be 
seen that there are two different parallel 
rows with a 30° rotation relative to the 
underlying Rh lattice. One row appears as 
bright spots. The observed atomic distance 
in these bright rows along the A direction 
is equal to 0.46 nm. The average distance 
between neighboring bright rows is ca 
0.7-0.73 nm. The interatomic distance 
of 0.74-0.75 nm observed along the B 
direction in this particular STM image in 
Fig. 5(b) is slightly larger than that of the 
^7nRh (0.707 nm), probably because of a 
small thermal drift during the acquisition 
of the image. However, it was ascertained 
that the distance along the B direction 
is very close to the ^Jla Rh based on 
the averaging of all atomic images. The 
angle between the directions marked by 
arrows A and B in Fig. 5(b) is ca 72°. 
The above results strongly indicate that 
the unit cell can be defined by the so-called 
(V^ x y/7) structure. 

The structure described above is almost 
the same as those reported on Au(lll) 
by Magnussen et al. [31] and other in- 
vestigators [32] and those observed on 
Pt(lll) [34]. Magnussen et al. proposed a 
model structure with a unit cell, the so- 
called (^3 x ^/7), for the adlayer of bisul- 
fate (HSO4 - ) on Au(lll). Both bright and 
dark spots were interpreted as bisulfate 
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ions adsorbed on Au(lll). Therefore, the 
surface coverage of this proposed structure 
is 0.40. According to the coverage value of 
ca 0.2 obtained on Rh(lll) by Wieclcowski 
et al. [36], it is reasonable to expect that 
only the bright spots in the STM images 
observed on Rh(lll) correspond to the ad- 
sorbed sulfate or bisulfate. If sulfate or 
bisulfate is assumed to be also trigonally 
coordinated on Rh(lll), a ball model can 
be presented as shown in Fig. 6(a), where 
the S0 4 2 “ (or HSO4 - ) is positioned at 
the threefold hollow sites. It can be seen 
in Fig. 6(a) that the sulfate ions along the 
^/3 direction form an almost close-packed 
row. On the other hand, an open space can 
be found between neighboring rows of the 
sulfates. As described above, Weaver and 
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Fig. 6 Model structures of the sulfate adlayer on Rh (111) surface: (a) sulfate on the 
threefold site; (b) coadsorption of sulfate and hydrogen-bonded water chains. 


coworkers proposed a model where coad- 
sorbed hydronium cations exist along the 
direction between neighboring rows of 
sulfates [32]. The dark spots that appeared 
in the STM images were assigned to be 
the coadsorbed hydronium cations. Such 
cation coadsorption was expected to min- 
imize the coulombic repulsion between 
adjacent SO4 2- on Au(lll). Although 
the coadsorption of hydronium cations is 
thought to be a factor which explains the 
nonuniform interatomic distances of the 
(^ 3 x y/7) structure, it is not clear why the 
adsorbed sulfates have different spacings 
along the and 7 directions. In our pre- 
vious paper, we proposed a new model to 
explain the nonuniform spacing in the unit 
cell of (^3 x ^7) [35], The reader can see 
in Fig. 6(a) that uncoordinated Rh atoms 
are arranged in a zigzag form in the 3 
direction between neighboring rows of the 
adsorbed sulfates. In a new model shown 
in Fig. 6(b), hydrogen-bonded water chains 
are simply inserted along the direction 
between neighboring rows of the sulfates. 
The model shown in Fig. 6(b) includes the 
adsorbed sulfate/bisulfate and hydrogen- 
bonded water chains formed along the 
direction. The model shows only the first 


water bilayer. Water molecules in the first 
layer are bonded directly to Rh atoms at 
the ontop site via the oxygen lone pair. Ac- 
cording to the model, it is possible that the 
dark spots that appeared in the STM im- 
age shown in Fig. 5(b) arise from the water 
molecules in the second layer. Although 
the model presented here would seem 
to be equivalent or similar to the model 
proposed by Weaver et al. [32], our model 
more confidently explains the feature of 
the nonuniform interatomic distances in 
the (^3 x ,/ 7 ) structure. It is also notewor- 
thy that the hydrogen-bonded water chains 
are expected to form hydronium cations in 
acidic solutions. If the water molecule in 
the second layer is protonated to form 
hydronium cations, the model presented 
here is equivalent to the model proposed by 
Weaver et al. [32], According to the model 
structure shown in Fig. 6(b), each chain of 
water molecules should appear in a zigzag 
configuration with different heights. Only 
a single dark spot in the unit cell has been 
distinguished in previous studies using 
Au(lll), Pt(lll), and Rh(lll). However, it 
was reported in our recent papers that sul- 
fate anions formed highly ordered adlayers 
on Ir(lll) and Pd(lll) in sulfuric acid 


with the same (^/3 x y/7) symmetry as 
observed on Au(lll), Pt(lll), and Rh(lll) 
as described above. Surprisingly, zigzag 
rows of hydrogen-bonded water molecules 
between neighboring sulfate rows along 
the ^3 direction were clearly revealed on 
Ir(lll) and Pd(lll) [37, 38]. These results 
further supported the proposed model 
of sulfate coadsorption with hydrogen- 
bonded water molecules as shown in 
Fig. 6(b). The adsorption of sulfate was 
investigated on Cu(lll) surface in sul- 
furic acid by Wandelt’s and Nichols’s 
groups [39-41]. They have observed an 
ordered sulfate structure with the same 
x y/7) symmetry. The adlayer was pro- 
posed to be located on a reconstructed 
first Cu(lll) layer, resulting in a distinct 
Moire pattern. Nevertheless, it is now clear 
that sulfate anions form adlayers with the 
same structure and symmetry on at least 
six different substrates, Au(lll), Pt(lll), 
Rh(lll), Ir(lll), Pd(lll), and Cu(lll). 
In general, structures of many adlayers 
depend strongly on the substrates. The 
appearance of the same (^/3 x ^/7) struc- 
ture on the substrates with different lattice 
parameters might suggest that the coad- 
sorption of sulfate and water illustrated 
in Fig. 6(b) is flexible with respect to the 
change in lattice parameter of the sub- 
strate. Such a flexibility may be due to 
the existence of water molecules between 
the sulfate chains with a relatively weak 
hydrogen bonding. 

7.3.4 

Adsorption of Simple Aromatic Molecules 

The adsorption of organic molecules onto 
bare electrode surfaces in electrolyte so- 
lutions under potential control has long 
been investigated for elucidating the 
role of the structure and property of 


7.3 Electrochemical Scanning Tunneling Microscopy | 581 

adsorbed molecules in electrochemical re- 
actions [1, 2, 42]. Although conventional 
electrochemical and optical techniques, 
such as IR, Raman, and SHG spectro- 
scopies have been extensively applied to 
the investigation of molecular adsorption 
at electrode surfaces in solution [42], they 
can usually provide only averaged infor- 
mation on the molecular orientation and 
packing within an adlayer. Ex situ tech- 
niques such as LEED and AES, using the 
UHV-EC technique, have also been ex- 
tensively employed for an understanding 
of the relationship between the adsorbed 
molecules and the atomic structure of the 
electrode surfaces [1, 2]. More recently, in 
situ STM has been well recognized as 
an important in situ method for struc- 
tural investigation of adsorbed organic 
molecules on well-defined electrode sur- 
faces in electrolyte solution with atomic 
resolution. The high resolution achieved 
in solution strongly encouraged us to in- 
vestigate the adsorption of relatively small 
and simple aromatic molecules, such as 
benzene, directly attached to the electrode 
surface to understand the electrocatalytic 
activities of noble metals such as Pt 
and Rh. On the other hand, voluminous 
reports describe investigation of the ad- 
sorption in UHV of aromatics, such as 
benzene and its derivatives on Pt, Rh, 

Ni, Ir, Ru, and Pd, which were per- 
formed by using various surface-sensitive 
techniques such as LEED, AES, and elec- 
tron energy-loss spectroscopy (EELS). The 
purpose of those investigations was to eval- 
uate gas-phase catalytic reactions such as 
hydrogenation, dehydrogenation, and de- 
hydrocyclization [43]. In UHV the (3 x 3) 
superlattice of benzene and CO coad- 
sorbed on Rh(lll) revealed a well-ordered 
array of ringlike features associated with 
adsorbed benzene molecules, while CO 
did not appear in STM images [44, 45]. 
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Nevertheless, we described, for the first 
time, the adlayer structures of benzene 
adsorbed on Rh(lll) and Pt(lll) in HF 
solutions [46]. High-resolution STM im- 
ages allowed us to determine the pack- 
ing arrangement and even the internal 
structure of each benzene molecule in 
solution. 

7.3.4. 1 Benzene on Rh(Hl) in HF 

Figure 7 shows CVs of Rh(lll) electrode 
in the absence and presence of benzene 
in 0.01 M HF. In the absence of ben- 
zene, the CV obtained on the well-defined 
Rh(lll) exhibited several highly reversible 


characteristic peaks as shown in Fig. 7(a). 
It was noted that the heights and widths of 
these characteristic peaks depended on the 
quality of the surface of Rh(lll) prepared 
by the flame-annealing and quenching 
method. After the Rh(lll) electrode was 
subjected to CV measurement in the pure 
HF solution, it was transferred into a 
0.01 M HF solution containing ca 1 mM 
benzene. The CV indicated a featureless 
double-layer region between 0.3 and 0.7 V 
as shown in Fig. 7(b). The cathodic current 
commencing at about 0.3 V was consid- 
ered to be the result of simultaneously 
occurring processes such as the desorption 
of adsorbed benzene, the adsorption of 
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Fig. 8 High-resolution STM images of 
the c(2^3 x 3 )rect benzene adlayer on 
Rh (111) in HF. 

hydrogen, and the irreversible hydrogena- 
tion of benzene to cyclohexane, according 
to the previous studies using differen- 
tial electrochemical mass spectrometry 
(DEMS) [47]. A similar featureless CV was 
obtained with a benzene-dosed Rh(lll) 
electrode in pure 0.01 M HF. The Rh(lll) 
electrode was immersed in 0.01 M HF 
containing 1 mM benzene for 1 minute at 
the open-circuit potential and then trans- 
ferred to the pure HF solution. These 
results strongly suggest that benzene was 
chemisorbed and remained on the surface 
of Rh(lll), at least in the potential range 
between 0.3 and 0.7 V. After achieving the 
atomic resolution of the Rh(lll)-(1 x 1) 
structure in HF, a small amount of 1 mM 
benzene solution was directly added to 
the STM cell at 0.45 V. The average con- 
centration of benzene in 0.01 M HF was 
10 pM. Immediately after the injection of 
benzene, completely different patterns ap- 
peared in STM images. Figure 8(a) shows 
an example of the STM images acquired at 
0.45 V [46]. It is evident that the atomically 
flat terraces are now covered by ordered 
benzene adlayers. An averaged domain 
size was about 10 nm x 10 nm. The ad- 
sorbed benzene molecules appear to form 
a square adlattice in each domain. Fur- 
thermore, the molecular rows in a given 
domain cross each other forming bound- 
aries at an angle of either 60 or 120°. 
More details of the orientation of benzene 
in the adlayer are revealed by the higher 
resolution STM image shown in Fig. 8(b). 
It is seen in Fig. 8(b) that the molecular 
rows along the direction of arrows A and 
B cross each other at 90°, and they are 
always parallel with the close-packed and 
^3 directions of the Rh(lll) substrate, 
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respectively. The intermolecular distances 
along these directions are not equal to each 
other and were found to be on the aver- 
age, 0.8 and 0.9 nm respectively. On the 
basis of the orientation of molecular rows 
and the intermolecular distances, we con- 
cluded that the benzene adlayer was com- 
posed of rectangular unit cells, namely, 
c(2^/3 x 3 )rect (6 = 0.17), as shown in 
Fig. 8(b). The known lattice spaces of 2^3 
and 3 on Rh(lll) (0.268 nm) correspond to 
0.93 and 0.80 nm respectively, which are 
consistent with our experimental values. 
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Surprisingly, the STM image allowed us to 
determine the internal structure and mi- 
croorientation of each benzene molecule 
adsorbed on Rh(lll). It is clear that each 
spot is split into two bright spots, forming 
a characteristic dumbbell shape for each 
benzene molecule. The STM discerned a 
0.01 nm corrugation between the valley 
and the ridge of each benzene molecule. 
It can also be seen from Fig. 8(b) that the 
orientation of dumbbell-shaped benzene 
is not the same for all molecules, but de- 
pends on their positions. The dumbbell 
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shape of the central benzene molecule in 
the unit cell shown in Fig. 8(b) is clearly ro- 
tated by 60° with respect to the molecules 
located on the four corners of the unit 
cell. The molecules on the corners of the 
unit cell appeared with an identical fea- 
ture, suggesting that they are situated on 
an identical binding site. It is also seen 
that the orientation of these dumbbells 
is always rotated by 30° with respect to 
the direction of close-packed rows (arrow 
A in Fig. 8(b)) of the Rh(lll) substrate. 
The STM image shown in Fig. 8(b) pro- 
vides more detailed information on the 
orientation of molecules in the unit cell 
as discussed below. The c( 2^/3 x 3 )rect 
structure described above was consistently 
observed in the potential range between 
0.4 and 0.7 V without additional struc- 
tural transitions. On the other hand, it was 
found that the adlayer structure changed 
at negative potentials. A negative potential 
step from 0.45 to 0.35 V induced a re- 
construction in the benzene adlayer from 
c(2*j3 x 3 )rect symmetry to an ordered 
hexagonal pattern. The electrode poten- 
tial of 0.35 V is near the onset potential of 
the cathodic current as shown in Fig. 7. 

Figure 9 shows a set of STM images ac- 
quired in almost the same area to reveal the 
dynamic process of phase transition [46]. It 
is clearly seen from Fig. 9(a) that a new do- 
main appeared with the hexagonal array of 
benzene on the upper right corner marked 
by solid lines, while the c(2^/3 x 3 )rect 
structure remained as the main phase. A 
further cathodic step to 0.25 V resulted in 
a predominantly hexagonal phase, while 
eliminating the c(2^/3 x 3)rect domains 
as shown in Fig. 9(b). Such a long-range 
ordered hexagonal pattern could be seen 

Fig. 9 STM images of (a) domain 
boundaries of c(2^3 x 3)rect and 
(3 x 3) benzene adlayers; (b) the pure 
(3 x 3) structure on Rh(lll). 


over almost the entire area of the ter- 
race at 0.25 V. All benzene molecules 
exhibited the same corrugation height of 
0.07 nm, similar to that in the c( 2^/3 x 3) 
red structure. 

To reveal the internal molecular struc- 
ture in the hexagonal phase, STM images 
were acquired under particularly carefully 
adjusted experimental conditions with 
minimal thermal drift. Figure 10(a) shows 
one of the highest resolution images ac- 
quired on the terrace shown in Fig. 9(b). 
Compared with the crystal orientation, 
[110], determined by the Rh(lll)-(1 x 1) 
atomic image, it can be seen that all 
benzene molecules are almost perfectly 
aligned along three close-packed direc- 
tions of Rh(lll). The molecular rows cross 
each other at an angle of either 60 or 
120° within an experimental error (±2°). 
The intermolecular distance along these 
rows was found to be 0.8 nm, which corre- 
sponds to three times the lattice parameter 
of Rh(lll). Therefore, we conclude that 
the hexagonal structure is (3 x 3)-C6H6 
(i 9 = 0.11) as shown by the unit cell super- 
imposed in Fig. 10(a). Moreover, a careful 
examination of the image reveals that each 
benzene molecule appears as a set of three 
spots with similar intensities. It can also 
be seen that a clear dip exists in the center 
of each triangle with three lobes. These 
features can be more clearly seen in the 
height-shaded surface plot obtained by ap- 
plying a mild 2D Fourier transform filter 
method as shown in Fig. 10(b). The spac- 
ing between the two lobes in each molecule 
was found to be about 0.3 nm. In addition, 
a weaker additional spot with a small cor- 
rugation of about 0.02 nm can be seen 
in the unit cell. It is important to note 

Fig. 10 High-resolution STM images of 

the (3 x 3) structure on Rh (1 11). 

(a) Top view; (b) height-shaded plot. 
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that all these features of the STM image 
for the (3 x 3) adlayer observed at 0.25 V 
are essentially identical to those found for 
the coadsorbed benzene and CO adlayer 
on Rh(lll) in UHV reported by Ohtani 
et al. [44]. They also found the weaker spot, 
which was attributed to the coadsorbed CO 
or artifacts caused by asymmetric tips [44]. 

When the electrode potential was 
stepped further in the negative direc- 
tion, the ordered (3 x 3) domain became 
islands with the same internal struc- 
ture, suggesting that the desorption of 
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(b) nm 


benzene occurred preferentially at the 
edges of the islands of ordered (3 x 3) 
domains [46]. Eventually, all adsorbed ben- 
zene molecules were desorbed from the 
surface at 0.1 V, partially because of hydro- 
gen adsorption and partially hydrogena- 
tion, as expected from the result obtained 
by DEMS [47], and the Rh(lll)-(1 x 1) 
structure was consistently discerned at 
0.1 V. The structural changes described 
above were reversible. When the electrode 
potential was stepped back to the posi- 
tive region, the (3 x 3) and c( 2^/3 x 3 )rect 
phases returned at the potentials described 
above. 

The structures and registries of 
chemisorbed benzene on Rh(lll) have 
been thoroughly scrutinized by surface- 
sensitive techniques such as LEED, EELS, 
and angle-resolved UV photoemission 
spectroscopy (ARUPS) in UHV [43], 
These previous studies revealed various 
structures for benzene, including well- 
known structures such as c( 2^3 x 4)rect 
and (3 x 3), depending on whether CO was 
present unintentionally or intentionally in 
the UHV chambers. Although it has been 
repeatedly demonstrated that the adlayer 
structures of benzene on Rh and Pt were 
greatly affected by the presence of CO 
in the adlayer, the structure of the pure 
benzene adlayer has not yet been fully 
understood. Neuber et al. reported that a 
completely new structure with a x 
^/V))R23A° symmetry appeared for the 
pure benzene adsorption on Rh(lll) 
under cleaner UHV conditions in the 
absence of CO, and the previously known 
structures of c(2^/3 x 4)reci and (3 x 3) 
were found to appear upon admission of 
CO [48], 

However, it was found in our study [46] 
that the anodic peak due to the oxidation of 
CO was hardly detectable in CV even after 
a prolonged STM experiment for several 


hours in an air-saturated HF solution. We 
strongly believe that the adlayer structures 
found in HF solution described above did 
not result from contamination with CO. 

It is extremely important to recognize 
that in the previous study of the adsorbed 
benzene on Rh(lll) in UHV [48], one 
of the structures of the pure benzene 
adlayerwasattributedtothec(2^3 x 3 )rect 
structure, which was found in solution. 
This result strongly suggests that the 
existence of water molecule on top of 
the benzene adlayer plays a minor role 
in determining the structure of benzene. 

Figure 11(a) shows a proposed model 
for the c( 2^/3 x 3 )rect structure [46]. All 
of the adsorbed benzene molecules are 
assumed to be located on the twofold 
bridging sites. The benzene molecule at 
the center of the unit cell also occupies a 
twofold site, but it is rotated by 60° from the 
orientation of the molecules at the corners. 
Weiss and Eigler reported three distinct 
types of STM images for isolated benzene 
molecules located at threefold, hollow and 
atop bridge sites on Pt(lll) at 4 K [49], 
They assigned the single bump, elongated 
perpendicularly to the bridge, to the bridge- 
bonded benzene. In Fig. 8(b) each benzene 
molecule is seen with the dumbbell shape 
on Rh(lll) and elongated perpendicularly 
to the bridge. It is clear that the direction of 
each elongated dumbbell is always rotated 
by approximately 30° with respect to that of 
the corresponding atomic row of Rh(lll). 

These detailed features can be explained 
by the model structure shown in Fig. 1 1 (a), 
where two lobes marked by the circles are 
assumed to be localized near carbon atoms 
(1, 2, 6 and 3, 4, 5) bonded across the Rh 
atoms. 

The STM image obtained at 0.25 V 
shown in Fig. 10 can be explained by the 
structural model with the (3 x 3) symme- 
try illustrated in Fig. 11(b). Although the 
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Fig. n Space models of (a) the 
0(2^3 x 3 )rect and (b) the (3 x 3) 
structures. 

structure proposed here is basically the 
same as that proposed previously, based 
on the LEED, EELS [43], and STM [44] 
studies in UHV, for the adlayer of coad- 
sorbed benzene and CO on Rh(lll), two 
CO molecules thought to be located at 
the threefold hollow sites in the unit cell 
are omitted in Fig. 11(b). Each benzene 
molecule is assumed to bond at the three- 
fold hollow site. The coadsorption of CO 
was unlikely to take place in the solution 
under the present condition, because no 
oxidation peak was observed as described 
above. Instead of CO, water molecules or 
hydronium cations might be coadsorbed 
near the uncoordinated threefold hollow 
sites to stabilize the (3 x 3) structure, their 
function being similar to that of the coad- 
sorbed CO. The weak small spots seen in 
Fig. 10 might be due to such coadsorbed 
water molecules or hydronium cations. 

7. 3. 4. 2 Other Molecules 

It was also found that naphthalene 
molecules formed an ordered structure on 
Rh(lll) [50]. A high-resolution image ac- 
quired in an ordered domain is shown in 
Fig. 12. It is clearly seen that the molec- 
ular rows parallel the <110> direction 
of the substrate indicated by the arrows 
in Fig. 12(a). More importantly, the STM 
image allowed us to determine the in- 
ternal structure and orientation of each 
naphthalene molecule. The elongated fea- 
tures along the longer molecular axis (C 2 ) 
were discerned for each molecule. In addi- 
tion, the images of some molecules clearly 
show a two-ring structure expected from 
the molecular model. It can also be seen 
that naphthalene molecules are perfectly 
aligned with a regular microorientation 


along the molecular rows. Periodical ro- 
tation of the molecules of naphthalene 
by 60° is seen within each molecular 
row with every third molecule being in 
the same orientation. A further magnified 
view in height-shaded mode is shown in 
Fig. 12(b), in which the two-ring structure 
can be more clearly seen. The nearest- 
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neighbor distance of an average of 0.82 nm 
is equivalent to three times the Rh lattice 
parameter of 0.268 nm. 

According to the results described 
above, the unit cell can be defined as 
a (3^/3 x 3^/3)R10° symmetry as shown 
in Fig. 12(b) [50]. It is now clear that all 
naphthalene molecules align their Ci axes 
along the close-packed directions of Rh 
substrate. The molecules aligned along the 
< 112 > direction, which is the so-called ^3 
direction, have the same orientation. The 


Fig. 12 High-resolution STM images of 
naphthalene on Rh (1 1 1). (a) Top view; 

(b) perspective view. 

spacing between two adjacent molecules 
along the ^3 direction is measured to 
be 1.4 nm, which is three times the ^3 
spacing. In our model structure [50], two 
carbon atoms at the 9- and 10-positions are 
assumed to be attached directly to an Rh 
atom. It is noteworthy that this structure is 
identical to that previously proposed from 
LEED results by UHV workers [51]. If one 
recalls the identical results for benzene 
adsorbed on Rh(lll) in UHV and in HF 
solution as described above, the results ob- 
tained with naphthalene further support 
the predominant adsorbate -substrate in- 
teraction for hydrophobic molecules and 
the minor role of water molecules. 

Although anthracene molecules formed 
a disordered adlayer on Rh(lll), high- 
resolution STM images unambiguously 
disclosed the internal molecular structure 
of anthracene [50]. The use of the other 
metals instead of Rh and Pt is extremely 
important to understand the role of the 
interaction between substrate and adsor- 
bates in ordering processes of adsorbed 
organic molecules. The adsorption of ben- 
zene, naphthalene, and anthracene was 
investigated using a well-defined Cu(lll) 
in solution [52]. It was surprising to find 
an extraordinarily ordered adlayer of an- 
thracene on Cu(lll) in view of the fact 
that anthracene formed completely disor- 
dered adlayers on Rh(lll) and Pt(lll). 
Cu electrodes are interesting substrates 
with which to investigate the adsorption 
of organic molecules in solution, because 
of the weak interaction between aromatic 
hydrocarbons and Cu [52]. 

In situ STM was also employed to 
study adlayer structures of benzoic acid 
(BA) and terephthalic acid at a well- 
defined Pt(lll) electrode in solution [53]. 
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Fig. 13 High-resolution STM images of 
benzoic acid on Pt(lll). (a) Image 
acquired in an area of 2.5 nm x2.5 nm; 

(b) the expanded image ofthe single 
benzoic acid molecule marked by an 
arrow in (a); (c) a real-space model. 

The high-resolution STM image acquired 
in an area of 2.5 nm x 2.5 nm shown in 
Fig. 13(a) discloses the packing arrange- 
ment and even the internal structure of a 
single BA molecule. Figure 13(b) shows an 
enlarged image of the single BA molecule 
marked by the arrow in Fig. 13 (a) . The pair 
of elongated features and two bright spots 
on the sides are thought to correspond 
to the aromatic ring and the carboxylate 
group of the BA molecule. These STM im- 
ages strongly suggest that BA molecules 
are adsorbed with their molecular plane 
parallel to the Pt(lll) surface. It can also 
be seen that the in-plane rotational rela- 
tionship of BA molecules with respect to 
the Pt(lll) substrate is indicated by their 
C 2 axes, aligned along the directions. 
The C 2 axis of a BA molecule runs along 
two apical carbons and bisects the two 
oxygen atoms of the — COOH group as in- 
dicated by the dashed line in Fig. 13(b). In 
addition, the elongated appearance of the 
aromatic ring with a dumbbell shape indi- 
cates that the BA molecules are adsorbed 
at twofold bridge sites on Pt(lll). The 
tentative molecular model in Fig. 13(c) as- 
signs the aromatic ring to a twofold bridge 
site with the carboxylic acid group aligned 
along the direction. Two oxygen atoms 
of the —COOH group play an important 
role in determining the packing arrange- 
ment. 

Surprisingly, it was found in our pre- 
vious study [53] that terephthalic acid 
formed highly ordered adlayers on Pt( 1 1 1 ) . 
The typical arrangement of a monolayer of 
terephthalic acid at Pt(lll) is revealed by 
the STM image in Fig. 14(a). Well-ordered 



(b) (c) 

arrays consisting of oriented terephthalic 
acid molecules can immediately be iden- 
tified, which contrasts markedly with the 
disordered arrangement of BA. The patchy 
appearance of these ordered structures is 
actually attributed to rotational domains 
of an ordered structure. The presence 
of a long-range ordered pattern allowed 
STM imaging with molecular resolution. 
Figure 14(b) displays a high-resolution 
STM image that discerns the internal 
structure of terephthalic acid molecules. 
It is clear that two orthogonally intersected 
molecular rows of I and II are to parallel 
the close-packed and ^/3 directions of the 
Pt(lll) substrate, respectively. The inter- 
molecular distances of ca 1.1 and 0.96 nm 
along these two directions can be inter- 
preted as the unit vectors of 4 and 2^3, 
respectively. This structure is thus charac- 
terized as c( 2^3 x 4 )rect, 6 = 0.125, and 
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Fig. 14 (a and b) High-resolution STM images of terephthalic acid on Pt(l 1 1). (c) A real-space 
model. Arrows show the close-packed directions of the Pt(l 11) substrate. 


the rectangular unit cell is outlined in 
Fig. 14(b). 

With these high-resolution STM im- 
ages, the determination of the packing 
arrangement of adsorbed molecules is 
straightforward. It can be concluded that 
the terephthalic acid molecules are ad- 
sorbed horizontally like BA. The elongated 
dumbbell-shaped image and two adjacent 
pairs of spots are attributed to the aro- 
matic ring and two —CO OH functional 


groups at the para positions of each 
benzene ring. The space of ca 0.22 nm 
observed between the two oxygen spots 
for a — COOH functional group agrees 
with the value derived from the molec- 
ular structure. It is worthwhile noting 
that all the molecules are arranged with 
the same orientation with their longer C 2 
axes being aligned along the ^/3 direction 
and two acidic groups of two neighbor- 
ing molecules facing each other. Two 



nearest oxygen spots belonging to two 
neighboring terephthalic acid molecules 
are separated by 0.25 nm. The STM image 
of Fig. 14(b) leads to a structural model of 
terephthalic acid on Pt(lll) as shown in 
Fig. 14(c). As in the model for BA shown 
in Fig. 13(c), terephthalic acid molecules 
are assigned to twofold bridge sites, with 
all oxygen atoms in the —CO OH groups 
residing near the bridge sites. The two 
— COOH groups at the para positions of a 
terephthalic acid molecule have exactly the 
same coordination environment with the 
Pt substrate. The result described above 
strongly suggests that intermolecular in- 
teractions play an important role in the 
formation of ordered adlayers of organic 
molecules. 

Spontaneously chemisorbed monolay- 
ers of organosulfur molecules such as 
thiols and disulfides on Au electrodes have 
also been extensively investigated using 
STM [54]. High-resolution STM images of 
simple thiols such as 4-mercaptopyridine 
adsorbed on Au(lll) revealed the inter- 
nal structures and microorientation of 
each molecule [55, 56]. Because of pub- 
lication limitations, this chapter has only 
focused on in situ STM of simple aromatic 
molecules. 

7.3.5 

Conclusion 

The methods for exposing well-defined 
electrode surfaces in solution were re- 
viewed. The flame-annealing and quench- 
ing method can be applied to Au, Pt, Rh, 
Pd, and Ir single-crystal electrodes. The 
UHV-EC method can be applied to Pt, Au, 
Pd, and Rh. For some metals such as Ni 
and Cu, surface oxidation takes place in 
the electrochemical chamber before im- 
mersion of the electrode into electrolyte 
solutions. 
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The structures of specifically adsorbed 
iodine on the (111) surfaces of various 
metals were briefly discussed, indicating 
that complementary use of in situ STM 
and ex situ LEED is a powerful combi- 
nation to characterize the atomic struc- 
ture of adsorbed iodine. The adsorption 
of sulfate /bisulfate on Au(lll), Pt(lll), 
Rh(lll), Ir(lll), Pd(lll), andCu(lll) was 
described, with emphasis on the fact that 
the same (^3 x */7) structure is formed 
on these substrates. Our model indicates 
that hydrogen-bonded water chains are 
inserted along the ^/3 direction between 
neighboring rows of the adsorbed sulfates. 

The adlayer structure of benzene on 
Rh(lll) was also described in detail; it was 
found to be dependent on the electrode 
potential. The (3 x 3) structure found on 
Rh(lll) in the cathodic potential range is 
almost identical to that found in UHV 
for the coadsorbed benzene and CO. 

The molecular shapes of naphthalene and 
anthracene could be clearly discerned by 
in situ STM. It was pointed out that the 
use of another substrate such as Cu(lll) 
is important to understand the role of 
the interaction between substrates and 
adsorbates in the ordering processes of 
adsorbed molecules. 

Terephthalic acid formed a highly or- 
dered adlayer with c(2^/3 x 4)rect symme- 
try. Two carboxylate functional groups at 
the para position were clearly discerned. 

The adlayer of terephthalic acid thought 
to be stabilized by hydrogen bonding be- 
tween adjacent —COOH groups, formed 
molecular chains along the ^3 direction. 

This result suggests that intermolecular 
interactions also played an important role 
in the formation of the ordered adlayer. 

This chapter clearly demonstrates that 
in situ STM allows us not only to 
determine interfacial structures but also 
to follow electrochemical reactions. It is 
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certain that in situ STM will continue 
to be the premier technique for atomic- 
level structural investigations of modified 
electrodes. 
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7.4 

Atomic Force Microscopy 

Masamichi Fujihira 

Tokyo Institute of Technology, Yokohama, 
Japan 

Atomic force microscopy (AFM) in situ is 
also useful for studies of electrochemical 
interfaces of chemically modified elec- 
trodes. Application of AFM in situ to the 
study of electrode surfaces is described in 
detail in Vol. 3 in this series. Therefore, in 
this section, we simply cite several repre- 
sentative references [1-5] and our related 
works [6-12]. In addition, a conducting 
cantilever for AFM, one side of which was 
coated with a thin metal (e.g., gold) film, 
can be used to study the surface stress 
change [13] as a function of electrode po- 
tentials [14]. The cyclic voltammogram and 
the electrocapillary curve were measured 
in the double-layer region of a thin gold 
film on the rectangular cantilever. The 
change in surface stress due to electro- 
chemical oxygen and hydrogen adsorption 
was also studied on gold and platinum 
deposited on rectangular cantilevers [14]. 
Hybridization of DNA was detected as a 
change in surface stress on a gold coated 
cantilever modified with ss-DNA [15-17]. 
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Voltammetry of the Reductive Desorption 
of Thiol Self-assembled Monolayers from 
Electrode Surface 

Takashi Kakiuchi 

Department of Energy and Hydrocarbon 
Chemistry, Kyoto University, Kyoto, Japan 

The voltammetry of the reduction des- 
orption of organothiolate molecules in 
a self-assembled monolayer on a metal 
surface, first reported by Porter and his 
coworkers [1, 2], has been widely used 
for diagnosing the adsorbed state of the 
self-assembled monolayer (SAM) [3-54] 
and for nanometer-scale engineering of 
SAMs [55-65]. When the electrode cov- 
ered with a single-component SAM of a 
thiol derivative is cathodically polarized, 
typically in an aqueous alkaline solution, a 
single peak or more complicated multiple 
peaks appear on the voltammogram. The 
shape and the location of the peak can be 
utilized for studying the surface properties 
of the SAMs. The reductive desorption in 
an alkaline medium is formally written as 

RS — M + e“ = RS“ + M (1) 

where RS-M and RS - represent the 
organothiolate adsorbed on the metal sur- 
face and the organothiolate in the solution 
after the desorption. The actual mecha- 
nism of the desorption is, however, more 
complicated than what is expressed in 
Eq. (1), as the desorption is a coopera- 
tive process where the adsorbed thiolate 
molecules are tightly packed in a regu- 
lar array, for example, the (V3 x V3)R30° 
structure on Au(lll). The shape of the 
voltammogram is strongly affected by the 
state of the monolayer, such as the packing 
density and the magnitude of the lateral in- 
teraction between the adsorbed molecules. 
This means that the electrochemical signal 


reflects the state of the monolayer; the 
shape of the voltammogram contains rich 
information regarding not only the molec- 
ular properties of adsorbed thiolates but 
also those related to the state of the mono- 
layer. Another electrochemical technique 
employed is chronoamperometry, which 
usually shows the nucleation and growth- 
type transients in the timescale of less 
than a few tenths of a second, depend- 
ing on the type of desorbing thiolates [7, 
31, 66-69], and is therefore suitable for 
studying the kinetics of desorption. In this 
chapter, the first part summarizes the fun- 
damental properties of the voltammetry 
of the reductive desorption of SAMs. The 
second part introduces a model of the re- 
ductive desorption that can account for the 
salient features of the voltammetry of the 
reductive desorption. The third part deals 
with the voltammetry of binary SAMs and 
its use for studying and engineering the 
SAMs. 

7.5.1 

Voltammetry of the Reductive Desorption 
of SAMs: Experimental Features 

7. 5. 1.1 Reductive Desorption of 
Alkanethiolate SAMs 

The shape of the voltammograms for the 
desorption of alkanethiolate SAMs de- 
pends on the state of the monolayer. 
Figure 1 shows cyclic voltammograms 
recorded in 0.5 mol dm -3 aqueous KOH 
for the Au(lll) electrodes after being im- 
mersed in a 1 pmol dm -3 ethanol solution 
of undecan ethiol (UT) for different periods 
of time. Two humps at —0.6 V and —IV 
seen at short immersion times metamor- 
phoses into a single peak at —1.05 V. This 
change in the shape of the voltammograms 
reflects the change of the adsorbed state of 
the UT molecules, which though initially 
lying flat on the surface, gradually stand 
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Fig. 1 Change in the shape of 
voltammograms recorded in 
0.5 mol dm~ 3 KOH for a series of SAM 
substrates prepared at varying times 
(indicated by line) of immersion of the 
Au substrates in 1 pmol dm~ 3 
undecanethiol in ethanol. Scan rate: 

20 mV s -1 . (Reproduced from ref. Ill 
by permission. Copyright: The Japan 
Society for Analytical Chemistry.) 


up to form a densely packed monolayer 
of UT. A single peak of asymmetric shape 
that emerged 420 min after the immersion 
of the gold substrate in the ethanol solu- 
tion of UT is characteristic of the reductive 
desorption of a tightly packed SAM. 

The annealing of SAM-covered gold 
substrates for facilitating the ripening 
of the SAM domains and reducing the 
number of vacancy islands is effective for 
obtaining reproducible voltammograms 
having the shape of a gradual rise in the 
peak followed by a sharp fall in the base 
current level [70]. The peak potential and 
the full width at half maximum vary with 
the scan rate as shown in Fig. 2. This fact 
suggests that, on one hand, the kinetics of 
the desorption processes is slow as shown 
in chronoamperometry [31, 67], but on the 
other, the reductive desorption may be 
treated as a quasi-reversible process at slow 
scan rates of 10-20 mV s -1 . The effect of 
the chain length of the alkanethiols on the 
linear-scan voltammograms is illustrated 
in Fig. 3. The peak shifts to negative 
potentials with increasing number of 


Fig. 2 Dependence of FWHM (a) and 
E p (b) on the linear-scan 
voltammograms on the scan rate for 
reductive desorption of decanethiolate 
self-assembled monolayer on Au (111). 
Broken lines in a and b are to guide the 
eye. (Reproduced from Ref. 70 by 
permission. Copyright: The American 
Chemical Society.) 
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Fig. 3 Cyclic voltammograms 
for reductive desorption of 
self-assembled monolayers 
composed of alkanethiolates 
recorded under the same 
conditions as those in Fig. 1 . 
The number of methylene units 
is indicated by each curve. 
Curves are for annealed SAMs 
except for curve 4. (Reproduced 
from Ref. 70 by permission. 
Copyright: The American 
Chemical Society.) 


Fig. 4 Dependencies of FWHM (a) and 
E p (b) on n. Filled circles and open 
diamonds are from annealed SAMs and 
from nonannealed SAMs, respectively. 
Open circles are from the literature data. 
(Reproduced from Ref. 70 by 
permission. Copyright: The American 
Chemical Society.) 


methylene units, n, that is, the alkyl- 
chain length. Simultaneously, the full 
width at half maximum (FWHM) becomes 
narrower with n. When n is greater than 9, 
this narrowing reaches a limiting value, 
20 mV at the scan rate of 20 mV s -1 
(Fig. 4a). This saturation tendency seen 
in the FWHM at higher values of n is less 
clear in the shift of E v with n (Fig. 4b). 
The area under the peak remains constant 
irrespective of the value of n and is 110 
(±15) pC cm -2 . This value is considerably 
greater than what is predicted from 
the (V3 x V3)R30° structure on Au(lll), 
7.6 x 10~ 10 mol cm -2 or 73 pC cm“ 2 . 

Other interesting features, which are 
out of the scope of this chapter, about 
the reductive desorption of organothiolate 
SAMs from a metal surface include the 
micelle-like aggregates that are formed 
after the desorption [11, 12, 25, 71], the 
appearance of multiple peaks on the 



x > 

gj. 


(a) 


Uj> 


(b) 



voltammogram [9, 31, 33, 72], the effects 
of pH [44], the reoxidative adsorption after 
the desorption [11, 73-75], the effect of 
the nature of the metal and the facets on 
SAMs [10, 19, 76-79], the role of solvents 
used for the formation of SAMs [27, 80], 
the effect of the type of w-terminal on 
the desorption behavior [3, 14, 34, 38, 81], 
the rate of the ion penetration [1], the 
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effect of the temperature on the shape of 
voltammograms [82], and the desorption 
of SAMs other than alkanethiols [23, 24, 
32, 49, 50, 53, 83-86], 

7.5.2 

Modeling of the Reductive Desorption 
Processes 


one-electron reductive desorption [1, 89]: 

Ox(ads) + e“ , > Rd (sol) (5) 

There are several ways to incorporate 
the effect of intermolecular interactions 
to the rate equation [90]. In the present 
treatment, we use the expression 


Chronoamperometric studies show that 
the reductive desorption of adsorbed allca- 
nethiolates from a metal surface is an 
event that takes place in less than a second 
and, typically, in much shorter time [67]. 
Within this timescale, a nucleation-and- 
growth type treatment [67, 68, 69], and 
possibly, the ion penetration into the des- 
orbed SAM [1] are needed to be considered. 
However, in conventional voltammetry of 
the scan rate that is less than 100 mV s -1 , 
an equilibrium approach assuming an ad- 
sorption isotherm to correlate the amount 
of adsorbed species and its concentration 
in the adjacent solution phase is useful for 
interpreting the voltammograms [87, 70], 
The reductive desorption is initiated 
by a one-electron reduction of adsorbed 


thiolates followed by the desorption of 
reduced species, allcanethiolates, from the 

surface [1, 88]. 



Ox(ads) + e~ 

i± Rd(ads) 

(2) 

Rd(ads) 

=± Rd(sol) 

(3) 

Rd(sol) 

i± Rd(micl) 

(4) 


h 

FA 


k f (6) - k c Rd 


(6) 


where ip is the faradaic current for the 
redox reaction, Eq. (5), F is the Faraday 
constant, A is the area of the electrode 
surface, k and k are the rate constants 
of the reduction and oxidation respectively, 
f(0) is the activity of the oxidized species 
in the monolayer, and 6 is the surface 
coverage defined as the ratio of the 
adsorbed amount of allcanethiolates per 
unit area, F, to its saturated value, T m . 
In Eq. (6), c Rd is the concentration of the 
reduced species in the solution adjacent to 
the electrode surface. 

On the other hand, as the faradaic 
current is directly related to the desorption 
reaction (5), we have: 


i F _ dr 

~FA ~ “ dT 


(7) 


where t is time. Combining Eqs. (6) and 
(7), we obtain a differential equation with 
respect to 6\ 


d6 

dF 


k' f (9) - k! m Rd 


( 8 ) 


where (ads), (sol), and (micl) indicate ad- 
sorbed, solution, and micelle, respectively. 

When the desorption process is fast 
enough and the contribution of the 
aggregates formation of desorbed species 
to the mass transfer of desorbed species 
in the solution phase is negligible, these 
three steps may be seen as a one-step 


where k' = k /T m and k' = k b c Rd / 
r m and m Rd = c Rd / b c Rd is the dimension- 
less concentration of Rd. Here, b c Rd , the 
hypothetical reference concentration of the 
reduced species in the solution, has been 

introduced for the normalization, k! and 
k' have the dimension of the inverse of 
time. Once we know the form of f (0), that 
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is, the form of the adsorption isotherm, F 
can be calculated as a function of time for 
given values of k! and k! . 

Among adsorption isotherms of various 
types, those that can take into account 
the intermolecular interaction between ad- 
sorbed molecules are required to describe 
reaction (5). The Frumkin isotherm [91], 
which is based on the mean-field ap- 
proximation, is the most frequently used 
in electrochemistry where electrochemical 
reactions involve adsorption and desorp- 
tion processes. The Frumkin isotherm 
predicts the FWHM for the desorption 
peak to be ~60 mV near the critical 
point, much broader than experimen- 
tally observed values of about 20 mV. 
To describe the phase transition of ad- 
sorbed molecules, Retter examined several 
isotherms and found that those based 
on the I sing model can reproduce the 
sharper phase transitions experimentally 
observed in the adsorption of heterocyclic 
compounds on mercury [92]. 

We use the isotherm based on the 
sticky site model in combination with the 
two-dimensional Ising model [93], which 
was proposed by Blum and Huclcaby and 
has been used successfully to describe 
the voltammetry of the underpotential 
deposition of Cu 2+ on Au(lll) [94]. We 
hereafter call it the BH isotherm. 

For the adsorption of a single species 
on a regular lattice, the BH isotherm has 
the form: 


e = r,0 L +(l-r,)e H . (9) 

Here, 9i and 6 >h are expressed in the 
form of the Pade approximant: 

; + ;<«- DPfan.i) 

l + Z + Z(g2-VP(g2,Z) 


and 


1 

0H ~ i + i/$ + a/$)(g 2 -i)P(g 2 ,$) 

where f = l/[zgf] (11) 

In Eqs. (10) and (11), P is a function of the 
interaction parameter, g 2 , and the fugacity 
of the reduced species, z. The functional 
form of P is given in the Appendix. In 
Eq. (9), T) is a smooth empirical switching 
function of the form: 


1 1 


1 

7T 


71 

b arctan 

2 



( 12 ) 


where y = ( 2 -g|) _1 . In the case of a 
triangular lattice, the critical value of 
g 2 is 3 and the isotherm exhibits the 
phase transition when g 2 > 3 [94]. The 
value of .? is 0.001 when g 2 > 3 and 
(3.001 — g2)/5 when g 2 < 3. The pairwise 
interaction energy between the adsorbed 
alkanethiolate molecules, w, is related to 
g 2 through 


* 2 = “ p Gt) (13) 

where k% is the Boltzmann constant. One 
attractive point of the BH isotherm is that 9 
is a continuous and single-valued function 
of the fugacity, which readily enables the 
calculation of voltammograms beyond the 
critical value of g 2 . The form of the BH 
isotherms is displayed in Fig. 5 for several 
values of g 2 - 

We assume that the dependence of 

k r and k’ on the applied potential 
is expressed by the Butler-Volmer-type 
equations: 


k' = kn 


o exp 


-(1 



(E - E' 0 ) 
(14) 
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Fig. 5 The BH adsorption 
isotherms at the values g 2 being 
3.3 (curve 1), 3.2 (curve 2), 3.1 
(curve 3), 2.9 (curve 4), and 2.5 
(curve 5) calculated from Eq. (9). 


0.00 0.02 0.04 0.06 0.08 0.10 

z 



and 


k! = k' 0 exp 


Jf ) ( £ - E 'o) 


(15) 


where k' 0 is the standard rate constant, 
a is the transfer coefficient, E is the 
electrode potential, and E f 0 is the formal 
potential for the reduction of the adsorbed 
alkanethiolates at the limit of 6 -» 0. 

After the desorption, long-chain alka- 
nethiolates tend to form micelles or ag- 
gregates and stay on the electrode surface, 



while shorter-chain alkanethiolates seem 
to diffuse into the aqueous phase [12, 25, 
71]. With the combination of Eq. (6) with 
the semi-infinite linear diffusion model for 
the mass transport of desorbed thiolates in 
the solution, cyclic voltammograms can be 
numerically calculated, for example, using 
a finite difference method. The dimension- 
less current, 0 , is defined as 


FA (DvF / RT) 1 / 2 b c Rd 

where D is the diffusion coefficient of the 
alkanethiolate in solution and v is the scan 
rate. On the other hand, ip is related to 
dr/dt (Eq. 7). From Eqs. (7) and (16), 

-TT 7 = F m — 0 x K (17) 
FA ? k 

where L defines the number of digitization 
of simulated time f k and A" is a constant, 
which is usually set to unity in the present 
numerical calculation. 


Fig. 6 Calculated voltammograms for 
k' 0 = 1 00 s _1 at g 2 = 1 (curve 1), 2 
(curve 2), 2.9 (curve 3), 3.1 (curve 4), 
3.3 (curve 5), 3.5 (curve 6), 4.0 (curve 
7). Other parameters: = 1 00 s -1 , 

K = 1 , and SE = 0.2 mV. (Reproduced 
from Ref. 70 by permission. Copyright: 
The American Chemical Society.) 
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7.5.2. 1 Characteristics ofTheoretical 
Voltammograms Based on the BH Isotherm 

Figure 6 illustrates calculated voltammo- 
grams at several different values of 
g 2 when E° ' = 0, v = RT/Fs~ 1 , k' 0 = 
100 s -1 , and the increment of E, SE 
being 0.2 mV. With increasing g 2 , the 
peak becomes sharper and shifts to the 
negative direction. The shape of the 
peak is asymmetric and the FWHM nar- 
rows down to 20 mV when g 2 > 3. A 
further increase in g 2 beyond the criti- 
cal value does not change the FWHM, 
while £p continues to shift to the neg- 
ative direction of the potential. On the 
reverse scan, an oxidation peak ap- 
pears. The peak height is much smaller 
than that in the forward scan. These 
characteristic features well agree with 


x > 

LL 


(a) 


_o 

<0 

o_ 

Fig. 7 Fitting of calculated FWHM Lif- 

(dashed line) to experimental points (a) 
and the comparison of theoretical 

prediction of the shift of E p ( ) with 

experimental data (b). Parameters for 
calculation: k' Q = 1 0 4 s _1 , K = 1 , and 
SE = 0.2 mV. (Reproduced from Ref. 70 (b) 

by permission. Copyright: The American 
Chemical Society.) 


experimentally observed features shown 
in Figs. (3 and 4). 

A theoretical dependence of FWHM 
on w obtained from the voltammograms 
calculated for k = 10 5 s -1 and the incre- 
ment of the potential being 0.2 mV is 
well fitted to the experimental plot of 
FWHM on n (Fig. 7a). In the fitting, it 
was assumed that the point of the in- 
flection at —w/k^T = 1.10 (g 2 = 3) in the 
theoretical FWHM versus w plot agreed 
with the point of the inflection experi- 
mentally observed at n = 9 (Fig. 4a) and 
that the theoretical variation of FMHM 
with w when —w/k\,T < 1.10 was fitted 
to the experimental points. Figure 7(a) 
indicates that the interaction energy be- 
tween adsorbed alkanethiolates is roughly 
proportional to n. 


n 



n 
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Another important point in Fig. 6(a) is 
that the present model explains why the 
FWHM levels offbeyond n = 9. When the 
attractive interaction is strong enough to 
cause the phase transition in the adsorbed 
monolayer, the shape of the adsorption 
isotherm, or more precisely, the sharpness 
of the phase transition becomes insensitive 
to the value of g 2 when g 2 > 3 (curves 1-3, 
Fig. 5) [95]. In other words, the appearance 
of the point of inflection suggests the 
occurrence of the phase transition in 
the course of the desorption. The critical 
value of w at the point of inflection 
corresponds to 2.7 lcj mol -1 at 25 °C. This 
value reflects not only the magnitude 
of the lateral interaction between two 
adsorbed thiolate molecules but also other 
contributions including those from solvent 
molecules [95]. 

By using the phenomenological corre- 
spondence between w and n in Fig. 7(a), 
the theoretical dependence of Ep on w 
is compared in Fig. 6(b) with experi- 
mental £ p versus n plot (Fig. 4b). The 
comparison of experimental data for well- 
annealed SAMs with the theoretical curve 
in Fig. 7(b) indicates that the experimen- 
tal shift in £p is much greater than the 
theoretical prediction. For example, the 
theoretical prediction of the difference in 
E p between « = 2 and 9 is 0.05 V, while the 
experimental difference is about 0.28 V. 
This discrepancy indicates the importance 
of the work to dissolve alkanethiolates in 
the solution in determining the position of 
the reduction peak [72]. If the contribution 
of the methylene units to the adsorption 
Gibbs energy of the thiolates is taken to be 
the difference between experimental and 
theoretical values of £ p at n = 9, 0.243 V 
or 23.4 kj mol -1 , the contribution of one 
methylene unit is 2.6 kj mol -1 . This is 
comparable to the values of the transfer 
Gibbs energy of one methylene unit from 


water to a pure alkane (3.7 lcj mol -1 ) or to 
a nonionic micelle (2.9 kj mol -1 ) [96]. 

A lesser degree of the variation of 
Ep with n when n > 9 (Fig. 4b), where 
the desorption accompanies the phase 
transition of the monolayer, is likely to 
be attributable to the formation of micelles 
or aggregates of alkanethiolates formed 
in the vicinity of the electrode surface 
after the desorption [12, 25, 71]. When the 
desorbed species is in the form of such 
aggregates on the electrode surface, the 
value of the transfer Gibbs energy of the 
thiolates from the electrode surface to the 
aggregates would be much smaller than 
that into the bulk aqueous phase, giving 
rise to the smaller shift of the Ep with n. 

The effect of the magnitude of ko' 
on Ep is illustrated in Fig. 8. Curves 
5 and 6 calculated for k' 0 = 10 3 and 
10 4 s -1 , respectively, agree with each 
other, showing the reversible behavior. 
A comparison of experimental values 
of FWHM with the results in Fig. 8 
suggests that the reductive desorption 
is dc reversible at v = 20 mV s -1 . This 
figure can also be interpreted as the one 
showing the effect of the magnitude of v on 
the voltammograms, as the rate constant 
used in the calculation is relativized 
with respect to *Jv. The £ p shifts to 
the negative direction with increasing v, 
as experimentally seen (Fig. 2b). Figure 8 
also shows that the oxidation peak shifts 
to the negative direction with the increase 
in k'n, that is, the peak separation narrows 
with ko ' . 

7. 5. 2. 2 Contribution of Charging Current 

The peak area of the reductive desorption 
has conveniently been used to estimate the 
adsorbed amount of alkanethiolates [2, 4, 
5, 8, 16, 32]. However, the charge under the 
peak usually exceeds the value estimated 
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Fig. 8 Variation of voltammograms 
with the value of k' Q : k' g (s ~ 1 ) = 10 (curve 
1), 20 (curve 2), 50 (curve 3), 10 2 (curve 
4), 10 3 (curve 5), 10 4 (curve 6). Other 
parameters: g 2 = 3.1 , K = 1 , and 
SE = 0.2 mV. (Reproduced from Ref. 70 
by permission. Copyright: The American 
Chemical Society.) 


from the (V3 x V3)R30° structure of 
adsorbed thiolates. The degree of the 
excess varies from 10 to 50%, the latter 
of which found in the present study is far 
greater than that predicted by the surface 
roughness, 1.1 ~ 1.2 [3, 97, 98]. 

To estimate the magnitude of the 
charging current in the course of the 
desorption, a certain functional form that 
relates 9 with the surface charge density, 
q, is required. The charging current, i c , is 
then calculated by differentiating q with 
respect to t. 


dq vdq 
~’ c= di = ~dE 


(18) 


The negative sign on the left-hand side 
is for the conformity with the convention 
of the faradaic current described earlier. 
One of the simplest models for q is 
the Frumlcin’s two-parallel-plate capacitor 
model [99], which has been successfully 
employed to describe the adsorption of 
organic molecules on electrodes [100], 


q = q 0 a-e) + q'e (19) 


where <70 is the surface charge density 
of the uncovered part of the electrode 
and q' is that covered with the SAM. By 
differentiating q with respect to E, we 
obtain 


jfr = C 0 (l - 9) + c'e 

d E 


d 6 


+ [(C'-Co)</>-C'</>n]-^ (20) 



where Co and C' are the double-layer ca- 
pacitances at 9 = Oandd = 1, respectively, 
and are assumed to be independent of the 
applied potential. The potential in Eq. (21), 
4>, is referred to as the potential of zero 
charge, pzc, at 6 = 0, that is, 

4> = E — £pzc,0=o (21) 

and 

(/>N = £pzc,0=l ~ Ep ZC g = Q (22) 

where £ pzc ,e = 1 is the pzc at 6 = 1 referred 
to as the same reference electrode as 
£pzc, 0 =o refers to. 

The first two terms on the right-hand 
side of Eq. (21) represent the static part 
of the charging current, reflecting the 
change in the double-layer capacitance 
before and after the desorption, whereas 
the third term represents the dynamic 
part or pseudocapacitance part involving 
d6/dE. In the Frumkin’s two-parallel-plate 
capacitor model, i c is then given simply by 
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the sum of the two terms: 

U = Zc, static T z'c, dynamic (23) 

The presence of the dynamic term implies 
that the magnitude of this contribution de- 
pends on the sharpness of the desorption. 
To evaluate the latter contribution to i c , 
a functional form of d6/dE is required 
as a function of E. In fact, z c ,dynamic is 
proportional to ip, as can be seen from 
Eqs. (8) and (21). We used the calculated 
d6/dE predicted by the model described 
earlier when A'o = 10 4 cm s _1 , g = 3.1 and 
r m = 7 .67 x 10~ 10 mol dm -2 , and v = 
25.6926 mV s _1 . Experimentally, it is not 
possible to separately estimate ip and i c 
by changing v in linear-scan voltammetry, 
as d6/dE does not depend on v, when 
A'o ' is sufficiently large (curves 5 and 6 in 
Fig. 8), and, from a practical viewpoint, a 
faster scan of the potential would invali- 
date the present approach resorting to the 
adsorption isotherm. 

The pzc of Au(lll) in 0.1 mol dm -3 
HC10 4 is 0.42 V (vs. Ag|AgCl|satd. KCl) 
[101]. Although OH - ions specifically 
adsorb on Au(lll) [102] in an alkaline 
solution commonly used for the reduc- 
tive desorption studies, it is presumably 
negligible in the potential range where 
the reductive desorption takes place. It is 
then reasonable to assume that 7s pZ c,0=i = 
0.42 V (vs. Ag|AgCl|satd. KCl). For a value 
of Epzc,o= 1 , a good estimate is —0.49 V (vs. 
Ag|AgCl|satd. KCl), which was obtained 
from the potential-dependent contact an- 
gle measurements of a UT SAM on 
Au(lll) [103], and agrees with an ear- 
lier estimate reported using a Wilhelmy 
method, —0.5 V (vs. SCE) for a dode- 
canethiol SAM [104]. 

It is difficult to have a reliable value 
of E r 0 for the reductive desorption of 
an alkanethiolate. A plausible assumption 
would be to use a value of Eq' for S 


atoms adsorbed on Au(lll) estimated 
from the extrapolation of £ p at v = 0 to n = 
-1, -0.64 V (vs. satd. KCl|AgCl|Ag) [105], 
although, strictly speaking, E' 0 to be used 
in the calculation is the value for the 
formal potential of the reduction of an 
isolated alkanethiol molecule adsorbed 
on Au(lll), which is probably more 
negative than the value for the reduction 
of adsorbed S atoms. Assuming that 
E' 0 = -0.64 V, Co = 40 [56], and C' = 
2 gF cm -2 [1], the charging current was 
calculated (Fig. 9). 

The contribution of i c to the area under 
the peak is substantial. In this example, 
one can see from Fig. 9 that the charge 
due to the charging current amounts 
to 42 gC cm -2 , that is, one-third of the 
total charge of 116 pC cm -2 that was 
experimentally obtained. This charging 
current can well explain experimental val- 
ues, 1.1 ~ 1.2 x 10 -9 mol cm -2 , for the 
adsorbed amount of thiolates formally ob- 
tained from the peak area for well-annealed 
SAMs of alkanethiols on Au(lll)-rich sur- 
faces [8, 29, 43], The contribution of the 
dynamic part is much larger than the static 
one, as shown in the inset of Fig. 9. The 
dynamic part of the charging current ex- 
plains why the area under the peak often 
gives the charge that is significantly greater 
than that expected from a close-packed 
monolayer and the roughness factor. 

The BH isotherm can explain, at least 
semiquantitatively, the salient features of 
voltammograms of the reductive desorp- 
tion, that is, the asymmetric shape, a 
narrow value of the FWHM, the depen- 
dence of the FWHM on n, the leveling 
off of the FWHM at larger n, and the de- 
pendence of the FWHM and £ p on the 
scan rate of linear-scan voltammetry. It 
also provides a reasonable dependence of 
6 on E, which is decisive in evaluating 
the contribution of the charging current to 
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Fig. 9 Illustration of the contribution of charging current, i c , to the 
voltammetric peak current of reductive desorption, i. Parameters for 
calculating if are the same as in Fig. 8. See text for other parameters. 
Inset illustrates the relative contribution of / c ,dynamic (curve 1) and 
ic, static (curve 2). (Reproduced from Ref. 70 by permission. 

Copyright: The American Chemical Society.) 


the peak area of the reductive desorption. 
More elaborate models are to be developed 
to have a better insight for the cases that are 
beyond the framework of the BH model, 
as in certain cases of the reductive desorp- 
tion, voltammograms show even narrower 
FWHM, for example, those for SAMs of 
a>-carboxyl allcanethiolates [14]. 

7.5.3 

Reductive Desorption of Binary SAMs 
7. 5. 3.1 Miscibility 

Voltammetry can sensitively detect the 
mixing state of binary SAMs. When two 


different thiol species are coadsorbed, 
they are either phase-separated to form 
discrete domains or mix with each other 
on the metal surface depending on the 
degree of the lateral interactions between 
the adsorbed thiolates. The two species 
A and B form a homogeneously mixed 
monolayer when the lateral interaction 
energy between the like pair, A-A and 
B-B, is similar in magnitude to that 
of the A-B pair. A typical example of 
this type is shown in Fig. 10(a) for the 
reductive desorption of SAMs composed 
of UT and 11-mercaptoundecanoic acid 
(MUA). The single cathodic peak on 
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Fig. 10 (a) Cyclic voltammograms for the reductive desorption of UDT-MUA mixed 

monolayers prepared at different ratios of MUA : UDT in ethanol; 1 : 0 (curve 1), 9 : 1 
(curve 2), 4 : 1 (curve 3), 1 : 1 (curve 4), 1 : 4 (curve 5), 1 : 9 (curve 6), and 0 : 1 (curve 7). 
(b) Cyclic voltammograms for the reductive desorption of HDT-MPA mixed monolayers 
prepared at different ratios of MUA : UDT in ethanol; 1 : 0 (curve 1 ), 20 : 1 (curve 2), 15:1 
(curve 3), 10 : 1 (curve 4), 7:1 (curve5),3:l (curve 6), and 0 : 1 (curve 7). Scan rate: 

20 mV s^ 1 (Reproduced from Ref. 43 by permission. Copyright: The American Chemical 
Society.) 


the voltammogram shifts from —0.91 to 
— 1.06 V by increasing ratio of the UT on 
the surface, which was estimated from 
the XPS signal from O Is (Fig. 11). The 
parallelism between £ p and the XPS 


signal in Fig. 11 indicates that the shift 
in £ p reflects the change in the surface 
composition. The homogeneous mixing 
of MUA and UT has been confirmed by 
STM imaging of the SAMs, which show 
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Fig- n Peak potential of CVs 
and the peak area of oxygen 1 s 
XPS spectra for the mixed 
monolayer of MUA and UDT as 
a function of the ratio of MUA in 
ethanol when preparing the 
mixed monolayers. 

(Reproduced from Ref. 43 by 
permission. Copyright: The 
American Chemical Society.) 



no sizable domains of MUA nor those of 
UT. The shift of E p has been used as 
a convenient measure for estimating the 
degree of the surface composition of the 
two thiolate species [13, 21, 22, 24]. 

In contrast, in the case of the binary 
SAM of MPA and HDT, two peaks appear 
in the voltammograms at the positions 
near the £ p s for single-component SAMs 
of MPA and HDT, respectively (Fig. 10b). 
The appearance of the two distinct peaks 
manifests the presence of the phase- 
separated two domains in the SAM. This 
phase separation forming nanometer-scale 
domains can be directly seen in the STM 
images of the SAM [17, 42]. This binary 
SAM is a typical example of the case when 
the interaction between A- A or B-B pairs 
is stronger than that of A-B pairs. 

A useful criterion for the phase be- 
havior of binary SAMs of alkanethiolate 
derivatives is the difference between the 
peak potentials, AEp, for the reduction of 
corresponding single-component SAMs. 
Table 1 summarizes the values of AEp 
and the miscibility of several pairs of an 
a>-carboxyl alkanethiolate and an alkanethi- 
olate on Au(lll). For the phase separation 
of the SAMs at room temperature, a value 
of AEp greater than 20 mV is required. 

Another interesting type of binary SAMs 
is the one formed when the intermolecu- 
lar interaction between A-B pairs is much 
stronger than those of the like pairs. In 
this case, A and B preferentially mix with 


Tab. 1 Phase behavior of the binary 
SAMs of alkanethiolates and ru-carboxyl 
alkanethiolates on Au(l 1 1) 


Thiols 

AE p [V*l 

Phase** 

MPA/HDT 

0.44 

D 

MPA/UT 

0.41 

D 

MPA/HT 

0.25 

D 

M PA/ PT 

0.12 

S 

MUA/HDT 

0.25 

D 

MUA/DDT 

0.21 

D 

MUA/UT 

0.19 

S 

MUA/DT 

0.16 

S 

MDA/DT 

0.18 

S 

MDDA/HDT 

0.21 

D 


*Scan rate: 20 mV s -1 . **D and S indicate 
the appearance of double peaks and a 
single peak, respectively, in 
voltammograms of the reductive 
desorption. MPA: mercaptopropionic acid; 

HDT: hexadecanethiol; UT: undecanethiol; 

HT: hexanethiol; PT: propanethiol; MUA: 
mercaptoundecanoic acid; MDA; 
mercaptodecanoic acid; MDDA: 
mercaptododecanoic acid. 

each other, resulting in the SAMs of 1 : 1 
ratio of the adsorbed A and B on the 
surface over the wide range of the mix- 
ing ratio of A and B in the solution 
phase. A typical example of this case is 
the SAM composed of 2-aminoethanethiol 
(AET) and 2-mercaptoethanesulfonic acid 
(MESA). The SAMs show a single re- 
duction peak with a narrow FWHM of 
about 20 mV and the £ p little depends on 
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the solution composition, suggesting the 
equimolar mixing of AET and MESA on 
the surface [106]. 

7. 5. 3. 2 Minimum Size ofthe Domains that 
can be Recognized as an Independent 
Domain 

Even when only a single peak appears on 
a voltammogram, STM images often show 
clusters of molecules that appear to con- 
sist of several like molecules [43, 107]. On 
the other hand, in many of the voltam- 
mograms for the reductive desorption of 
phase-separated SAMs, a small hump is 
discerned [17, 40]. Figure 12 shows cyclic 
voltammograms for the binary SAM of 
1-tetradecanethiol (TDT) and 3-mercapto- 
1-propanol (MPOH) prepared at three 
different total concentrations of TDT 
and MPOH, 1 x 10 -6 (curve a), 1 x 10 -4 
(curve b), and 1 x 10 -2 (curve c) mol dm -3 
in ethanol. A hump appears between the 
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two major reduction peaks that are as- 
cribed to the desorption of MPOH-rich 
and TDT-rich domains [40]. The presence 
of this hump and the small clustering of 
like molecules in STM images taken for 
the SAMs that give only a single reduction 
peak suggest that a certain minimum do- 
main size is required for a distinct peak to 
emerge on the voltammogram, that is, to 
be an independent two-dimensional bulk 
phase. 

From a detailed comparison of the peak 
areas and the STM images, the minimum 
size of the domain that behaves as a two- 
dimensional bulk phase is about 15 nm 2 or 
50 thiolate molecules in the case of binary 
SAM of HDT and MPA [17]. A domain 
that consists of less than 50 molecules 
has a desorption potential in the middle 
of the two peaks corresponding to the 
desorption of phase-separated two types 
of domains. 


Fig. 12 Cyclic voltammograms for the 
reductive desorption of binary SAMs 
composed of MPOH and TDT. The 
SAMs were formed from solutions 
whose total thiol concentrations were 
(a) 10 -6 mol dm -3 , (b) 10~ 4 mol dm -3 , 
and (c) 10~ 2 mol dm“ 3 . The ratios of 
MPOH and TDT in the solutions were 
(a) 1 : 1 , (b) 3 : 1 , and (c) 7:1, 
respectively. (Reproduced from Ref. 40 
by permission. Copyright: Elsevier B.V.) 
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Fig. 13 STM images of binary SAMs ofTDT and MPOH formed from (1)1x10 6 
mol dm -3 , (b) 1 x 10~ 4 mol dm~ 3 , and (c) 1 x 10~ 2 mol dm~ 3 total concentrations 
ofTDT and MPOH. The ratio ofTDT and MPOH at the surface was about 1 to 1 for all 
SAMs. The brighter parts in the images correspond to higher points. Scan area: 

300 nm x 300 nm. (Reproduced from Ref. 40 by permission. Copyright: Elsevier B.V.) 
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The size of the domains depend on 
the thiol concentration in the bathing 
ethanol solution in preparing the SAMs 
(Fig. 13) [40]. The lower the concentra- 
tion, the greater is the domain size. The 
hump becomes smaller at the lower con- 
centrations (Fig. 12). This concentration 
dependence is similar to the effect of the 
rate of cooling of the solution on the crystal 
size in the crystallization of a solute from 
the solution phase. 

7. 5. 3. 3 Mutual Solubility of the Thiolates 

The phase separation of thiol SAMs 
observed experimentally is in quasi- 
equilibrium in nature. Unlike the phase 
separation of binary solutions, the mu- 
tual solubility of the adsorbed thiolates 
depends on the composition, x^ urf = 
r A /(T A + Tb), where T) is the adsorbed 
amount i (i = AorB). The fact that the 
peak potential for the desorption of 
the phase-separated domains varies with 
Xmpoh (Fig- 14) can only be understood 
by the substantial mutual solubility. This 
is shown in Fig. 14 for the case of 


SAMs of TDT and MPOH at three total 
concentrations of TDT and MPOH in 
ethanol. The variation of the mutual sol- 
ubility with x^poh i s probably due to 
the slow surface diffusion of adsorbed 
thiolates. The slope of /^pon f° r the des- 
orption of MPOH-rich domains increases 
with the increase in the total concentration 
of the thiols in the bathing solution; the 
smaller the domain, the larger the slope 
is. The slope and its concentration depen- 
dence are much smaller for the reduction 
of TDT-rich domains. 

In analogy with the desorption of homo- 
geneously mixed SAMs, the magnitude 
of the shift in fs p can be taken as a 
measure of the solubility of the minor com- 
ponent in the domain mainly composed 
of the other component. By extrapolat- 
ing the straight lines to Xmpoh = ® f° r 
the reduction of MPOH-rich domains and 
Xmpoh = 1 For the reduction of TDT-rich 
domains, the maximum solubility of TDT 
in MPOH-rich domains is 8 mol% and 
that of MOPH in TDT-rich domains is 
8.5 mol% when the total thiol concentra- 
tion used for preparing the substrate was 
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Fig. 14 Dependence of peak potentials 
of the reductive desorption on the 
surface composition of binary SAMs of 
TDT and MPOH. The SAMs were 
formed from solutions whose total thiol 
concentrations were 10~ 6 mol dm~ 3 
(•), 10~ 4 mol dm -3 (■), and 
10~ 2 mol dm~ 3 (A). (Reproduced from 
Ref. 40 by permission. Copyright: 
Elsevier B.V.) 
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Fig. 15 Cyclic voltammograms for 
reductive desorption of HDT 
self-assembled monolayers after 
immersion in 1 mmol dm~ 3 MDDA 
ethanol solution at 31 °C. Time of 
immersion: 0 (curve 1), 24 (curve 2), 48 
(cu rve 3) , 72 (cu rve 4) , 96 (cu rve 5) , 1 24 
(curve 6), 144 (curve 7), 168 (curve 8), 

21 9 (curve 9), and 336 (curve 10) h. 
(Reproduced from Ref. 29 by 
permission. Copyright: The American 
Chemical Society.) 

1 pmol dm -3 . The mutual solubility also 
depends on the concentration of thiols 
in the bathing solution. The solubility 
is smaller in the SAMs formed from 
1 x 10“ 6 mol dm -3 than those formed 
from 1 x 10 -2 mol dm -3 (Fig. 14). 

7. 5. 3. 4 Rate of the Replacement of 
Adsorbed Thiolates with Thiols in the 
Solution Phase 

When a metal substrate covered with a 
thiol SAM is soaked in a thiol solution, 
the adsorbed thiolates are replaced with 
the thiol in the solution phase [108-110]. 
CV of the reductive desorption is a useful 
means to detect the replacement reaction. 
Figure 15 shows a series of voltammo- 
grams for the HDT SAM-covered sub- 
strates after immersion in an ethanol 
solution containing 1 mmol dm -3 12- 
mercaptododecanoic acid (MDDA) in a 
different period of time at 31 °C [29]. The 
peak corresponding to the desorption of 
the HDT domain gradually decreases with 
the concomitant increase of the peak 
height corresponding to the desorption of 
MDDA. After 336 h, the HDT peak was not 
detected at all, showing the completion of 
the replacement. From the variation of the 
two peak heights, the rate constant for a 
pseudo-first-order desorption reaction is 
evaluated to be 9. 1 x 10 -3 h _1 . This small 
rate constant is probably because of the 
tightness of the HDT SAMs [29]. 
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Interestingly, the replacement takes 
place not in a random manner but with the 
formation of new MDDA domains, which 
grow with time. The positions of the two 
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peaks changed little in the course of the 
replacement. This suggests that the ad- 
sorbed thiolates at the domain boundaries 
are more readily replaced owing proba- 
bly to the less ordered structure of UT 
molecules at the domain edge. The forma- 
tion of sizable domains in the replacement 
process has been confirmed by STM imag- 
ing of the substrates [29]. 

The CV of the reductive desorption 
also revealed that the reverse process, 
the replacement of MDDA on Au(lll) 
with HDT, is much slower. The stronger 
resistance of MDDA SAMs against the 
replacement has been attributed to the 
hydrophilic environment of the MDDA 
surface, possibly including the hydrogen 
bonding between carboxyl groups [29]. 

7. 5. 3. 5 Rate of the Surface Chemical 
Reactions 

Any processes that can lead to the forma- 
tion or disappearance of phase-separated 
or homogeneously mixed binary SAMs 
can be monitored through the change 
in the desorption peak in voltammo- 
grams. Figure 16 shows an example of 
detecting the rate of a surface chemical 
reaction using the shift in fs p . When iso- 
cyanic acid n -butyl ester in toluene reacted 



t 

[min] 


with MPOH SAMs on the surface in the 
presence of trimethylamine, the product, 
[A-butylcarbamoyl]ethylthiolate, is gradu- 
ally formed, as seen in the negative shift 
in E p with time. The deviation from the 
theoretical curve for the first-order surface 
reaction (solid line in Fig. 16) suggests the 
autoinhibition, that is, the hindrance of the 
reactant to approach unreacted sites by the 
products on the surface [111]. 

7.5.4 

Electrochemical Engineering of Binary 
SAMs 

7. 5. 4.1 Partial Desorption and Insertion 

Of the two types of domains in a phase- 
separated binary SAM, the domains having 
less negative desorption potential can be 
selectively removed from the surface by 
holding the electrode potential at a value 
between the two reduction potentials. 

Figure 17 shows voltammograms of 
phase-separated HDT-MPA binary SAM 
before the selective desorption (a), after 
the selective desorption of the MPA-rich 
domains (b), and after the immersion 
of selectively removed substrate into an 
ethanol solution of MPA (c) [56]. It is pos- 
sible to introduce different thiol molecules 


Fig. 16 Reaction-time dependence of 
the peak potential for the reductive 
desorption of SAMs. Toluene solutions 
containing 1 mol dm~ 3 isocyanic acid 
n-butyl ester and 0.2 mol dm~ 3 
triethylamine were reacted with MPOH 
SAMs on Au(l 1 1) at room temperature. 
(Reproduced from Ref. Ill by 
permission. Copyright: The Japan 
Society for Analytical Chemistry.) 
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Fig. 17 Cyclic voltammograms for the 
reductive desorption ofvarious SAMs in 
0.5 M KOH solution: (a) original 
phase-separated binary SAM of MPA 
and HDT where the surface mole 
fraction of MPA is 0.49; (b) SAM after 
the selective desorption of MPA; (c) 
regenerated binary SAM of MPA and 
HDT; (d) binary SAM ofMUAand HDT 
after the selective replacement of M PA 
with MUA. Initial potential, —0.2 V; scan 
rate, 20 mV s _1 ; electrode area, 

0.5 cm 2 . (Reproduced from Ref. 56 by 
permission. Copyright: The American 
Chemical Society.) 

into the domains originally occupied with 
MPA. Mercaptoheptanoic acid (a), MUA 
(b), heptanethiol (c), and mercaptohexanol 
(d) (Figs. 17 and 18) can be introduced 
into the vacant domains. Trace (e) is 
the voltammogram on the second scan 
of the voltage for the substrate with the 
SAM of HDT and mercaptoheptanoic 
acid. 

STM imaging confirmed the completion 
of the replacement [59]. After the 
desorption, however, the gold surface was 
not exposed to the solution, but thiol 
molecules adjacent to the desorbed region 
entirely covered the surface, lying flat 
on the surface previously occupied by 
MPA molecules. From the peak areas 
in the voltammograms before and after 
the replacement, it seems that these 
weakly adsorbed molecules are replaced 
or pushed aside by the third component 
newly adsorbed from the solution side. 

Several variants of the selective des- 
orption technique has been reported for 
preparing nanopores in an SAM [60], 
oligonucleotide attachment and DNA hy- 
bridization [62], selective immobilization 
of enzymes [63, 112], controlled release of 
biological cells [65], and trace analysis [64, 
113, 114], 
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7. 5. 4. 2 Preparation and Use of Artificially 
Phase-separated Binary SAMs 

By using this selective replacement tech- 
nique, artificially phase-separated SAMs 
can be prepared. For example, MUA and 
UT form a homogeneously mixed SAM 
when they are made to be coadsorbed 
from a bathing solution. MPA domains 
of phase-separated UT-MPA SAM can 
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be first electrochemically removed and 
are succeedingly filled with MUA to 
form a phase-separated UT-MUA SAM. 


Fig. 18 Cyclic voltammograms for the 
reductive desorption of various SAMs 
composed of HDT and (a) 

7-mercaptoheptanoic acid (first scan); 

(b) 1 1-mercaptoundecanoic acid (first 
scan); (c) 1-heptanethiol (first scan); (d) 

6- mercapto-1-hexanol; (e) 

7- mercaptoheptanoic acid (second 
scan). Other conditions are the same as 
those in Fig. 1 7. (Reproduced from 

Ref. 56 by permission. Copyright: The 
American Chemical Society.) 

These artificially phase-separated mono- 
layers are useful for studying certain 
surface properties of SAMs, which are 
difficult to prepare by the coadsorption 
method. Following are two examples of 
the use of such artificially phase-separated 
SAMs. 

7. 5. 4. 2.1 Wetting The mixing state of 
two adsorbed species on the surface can 
affect the wetting properties of the sur- 
face. A well-known relationship between 
the contact angle of a surface composed of 
two different components and those of two 
neat constituents, the Cassie’s equation, 
predicts the linear relationship between 
the cosine of the contact angle of the 
two-component surface and the cosines 
of the contact angles of the neat sur- 
faces. The wetting of the homogeneously 
mixed SAM of UT and MUA follows 
Cassie’s equation (Fig. 19) [57]. However, 
the phase-separated SAM of MPA and 
HDT shows a significant deviation from 
the linear relationship as shown in Fig. 19. 
The surface is hydrophobic even when the 
surface ratio of MUA is higher than 0.5. 

To examine the effect of the domain 
size, the contact angle was measured for 
the artificially phase-separated SAMs of 
MUA and UT that were prepared by 
the electrochemical partial desorption and 
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Fig. 19 Advancing contact angle of 
water, cos 9, plotted against the mole 
fraction of MUA, x“ r f A . for (a) 
phase-separated binary SAMsofHDT 
and MPA (■) and homogeneously 
mixed binary SAMs of UDT and MUA 
(o); (b) homogeneously mixed (o) and 
phase-separated (•) binary SAMs of 
UDT and MUA. The solid line 
represents the prediction from the 
Cassie equation. (Reproduced from 
Ref. 57 by permission. Copyright: The 
American Chemical Society.) 

the refilling technique. The results in 
Fig. 19(b) indicate that the contact angle 
of the artificially phase-separated SAM 
follows Cassie’s equation, suggesting that 
the deviation is not ascribed to the domain 
size but to other factors such as the 
difference in the height between the HDT 
domains and the MPA domains. 


7. 5. 4. 2. 2 Surface Diffusion Figure 20 
shows cyclic voltammograms for the re- 
ductive desorption of the phase-separated 
binary SAMs of UT and MUA as a func- 
tion of the annealing time at 60 °C in 
water. Before annealing, two peaks ap- 
pear at —0.91V (peak I) and —1.03 V 
(peak II). These two peaks correspond to 
the desorption of UT-rich domains and 
MUA-rich domains, respectively (curve a 
in Fig. 20) [61]. After 186 h, peak II re- 
mained at —1.03 V but its area decreased 
(curve b), whereas peak I at —0.91 V shifted 
to —0.96 V. After 212 h in water, peak I 
grew further and concomitantly peak II 
became smaller (curve c). Finally, the two 
peaks merged into a single peak at — 1.01 V 
after 355 h (curve d). This time depen- 
dence of the shape of the voltammogram 
apparently reflects the surface mixing of 
initially phase-separated UT and MUA 
into a thermodynamically stable, homoge- 
neously mixed SAM. The average diffusion 




coefficient is on the order of 10 -18 cm 2 s -1 
at 60 °C. This is one order of magnitude 
smaller than the value, 10 -17 cm 2 s _1 , 
for a mixed SAM of HDT 16-metoxy-l- 
hexadecanethiol on gold deduced from the 
coalescence of the domains [115] and the 
1 ~ 4 x 10 -17 cm 2 s _1 determined from 
the coalescence of holes of 1-dodecanethiol 
at 90 °C [116]. 

7.5.5 

Conclusions 

Voltammetry of the reductive desorption of 
thiol SAMs from a metal surface is a simple 
and versatile method of detecting the state 
of the monolayer at the molecular level. It 
is an invasive technique, that is, it destroys 
a SAM after the measurement. However, a 
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few applications of the technique described 
earlier exemplify the usefulness of this 
technique as a handy tool for diagnos- 
ing the state of SAMs. The model of 
the electrochemical reductive desorption 
based on the BH isotherm concludes, 
however, that care must be exercised in 
the use of this convenient technique for 
obtaining quantitative information about 
the SAMs, such as the adsorbed amount 
of thiolates. Further theoretical develop- 
ments of the reductive desorption pro- 
cess of SAMs, including multicomponent 
SAMs, will widen the applicability of this 


Fig. 20 Cyclic voltammograms for the 
reductive desorption of artificially 
prepared phase-separated binary SAMs 
of UDT and MUDA measured at 
20 mV s _1 in 0.5 M KOH solution. 
SAM-adsorbed gold substrate was 
annealed at 60°C in pure water for 0 h 
(a), 186 h (b), 212 h (c), and 355 h (d). 

Surface mole fraction of UDT is ca. 0.5. 

Initial potential, —0.2 V; electrode area, 

0.5 cm 2 . (Reproduced from Ref. 61 by 
permission. Copyright: The American 
Chemical Society.) 

method. While microscopic pictures of 
the SAMs can be obtained at a molec- 
ular or atomic level using a variety of 
surface-specific techniques, the voltamme- 
try of the reductive desorption grasps the 
macroscopic properties of the SAM. This 
fact situates the SAMs in a unique po- 
sition among systems that prompt us to 
study the correspondence between macro- 
scopic behavior and the molecular details. 
The control of the state of SAM-covered 
metal substrates through the external con- 
trol of the electrode potential provides us 
a means of manipulating and engineering 
the nanoscale domains. 
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Appendix 

P(g 2 , Z ) is defined by [94]: 

N 

P(g 2 ,z) = ^2piz‘ (Al) 

1=1 

and the first seven terms are [94]: 

Pi = 6 (A2) 

P2 = 3 ( — 15 + llg 2 + 2[g2] 2 ) (A3) 

Pi = 2(187 - 266g2 + 46 [g 2 ] 2 

+ 30[g 2 ] 3 + 6[g 2 ] 4 ) (A4) 

p 4 = 3 (—1100 + 2306g 2 
- 1190[g 2 ] 2 - 156[g 2 ] 3 
+ 83[g 2 ] 4 + 45[g 2 ] 5 + 10[g 2 ] 6 ) (A5) 


p 5 = 6(5047 - 13944g 2 + 11897[g 2 ] 2 

- 1778[g 2 ] 3 - 1276[g 2 ] 4 - 114[g 2 ] 5 
+ 99[g 2 ] 6 + 56[g 2 ] 7 + 14[g 2 ] 8 ) 

(A6) 

p e = -285682 + 978458g 2 - 1161412[g 2 ] 2 
+ 459060[g 2 ] 3 + 67758 [g 2 f 

- 41124[g 2 ] 5 - 17876[g 2 ] 6 

- 1652[g 2 ] 7 + 1288[g 2 ] 8 

+ 952[g 2 ] 9 + 217[g 2 ] 10 + 7[g 2 ] n 

(A7) 

p 7 = 2751258 — 11237190g 2 

+ 17065398[g 2 ] 2 - 10735704[g 2 ] 3 
+ 1150716[g 2 ] 4 + 1126218[g 2 ] 5 
+ 41376[g 2 ] 6 - 117342[g 2 ] 7 

- 43824[£ 2 ] 8 - 7788 [g 2 ] 9 
+ 3810[g 2 ] 10 + 2430[g 2 ] n 

+ 600[g 2 ] 12 + 48[g 2 ] 13 (A8) 
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8.1 

Self-assembled Monolayers (SAMs) 

Self-assembled monolayers (henceforth 
abbreviated as SAMs) are single layers of 
molecules on a substrate, sharing a com- 
mon orientation (Fig. 1). Self-assembly 
implies that the monolayers form spon- 
taneously when the substrate is exposed 
to a solution or a vapor containing the ad- 
sorbing molecules. The molecules contain 
head groups that have an affinity for the 
substrate and tail groups that pack together 
in a dense structure. For metals typically 
used as electrodes (gold, platinum, mer- 
cury, silver), the most commonly used 
molecules are alkane thiols and related 
molecules (disulfides, sulfides), since the 
sulfur head group has a strong affinity for 
the metals and the alkane chains readily 
adopt a close-packed all-trans structure. 

Within the broad area of chemically 
modified electrodes (see Sect. 8.1), SAMs 
have proven to be especially popular. The 
reasons for this popularity are easy to un- 
derstand. Formation of a SAM is one of the 
simplest and easiest methods for chemi- 
cally modifying an electrode surface. SAM 
is generally stable over a wide range of elec- 
trode potentials and electrolyte composi- 
tions. Because of the high affinity of sulfur 
for the metal electrode, the exposed surface 
of the SAM can include a diverse variety 


of functional groups, with properties rang- 
ing from nonpolar to polar, hydrophobic 
to hydrophilic, and inert to highly re- 
active. Patterned SAMs of two or more 
molecules are readily fabricated (although 
relatively little electrochemical work has 
been done with patterned SAMs). Post- 
deposition modification of SAMs permits 
the creation of quite elaborate structures 
targeted toward goals such as biosensors. 

The focus of this chapter is the use of 
SAMs to study electron-transfer kinetics. 
Densely packed SAMs inhibit the approach 
of a redox molecule to the electrode. If the 
redox molecules freely diffuse in the con- 
tacting electrolyte, the SAM is described 
as blocking (Fig. la). Electroactive SAMs 
have the redox molecule covalently or ion- 
ically attached to them, generally with no 
redox molecules in the electrolyte (Fig. lb). 
The specific advantages of each configura- 
tion will be discussed below. For kinetic 
measurements, the general advantages are 
derived from the replacement of the elec- 
trolyte Helmholtz layer with the body of 
the SAM and the control of the spac- 
ing between the electrode and the redox 
molecule. Alkanethiol SAMs with chain 
lengths of 10 or more methylenes create a 
layer with a low dielectric constant (close 
to that of pure hydrocarbon) between the 
metal and the electrolyte. The capacitance 
of the electrode/ SAM /electrolyte interface 
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is reduced by more than an order of mag- 
nitude relative to the capacitance of the 
bare electrode/electrolyte interface and is 
nearly independent of the applied po- 
tential and the composition of the elec- 
trolyte. Consequently, the time constants 
and double-layer effects of the cell are 
greatly diminished. Because the redox 
molecules are typically separated from 
the electrode surface by distances greater 
than a nanometer, the rate of electron 
transfer is decreased by many orders of 
magnitude compared to that observed for 
a bare electrode. Rate constants can be 
obtained at large driving forces (over- 
potentials) for simple one-electron redox 
molecules. Because the rate constants of 
electron transfer for such redox molecules 
are usually very fast, measurements at 
large overpotentials are difficult to impos- 
sible to obtain at bare metal electrodes. 
Electroactive SAMs with attached redox 
molecules have no diffusion component 
in the current, which simplifies both the 


Fig. 1 (a) A well-ordered 

self-assembled monolayer of alkane 
thiols on gold that is perfectly blocking 
to freely diffusing redox molecules, (b) A 
well-ordered SAM with attached redox 
molecules. 

kinetic measurement methods and the 
equations describing the current-voltage 
relationships. 

Several reviews are available for those 
seeking more detail on the formation and 
characterization of SAMs on metals [1-6]. 
The electrochemistry of SAMs based on 
thiols and related molecules has been 
extensively discussed by the author [7]. 

This section discusses the preparation of 
monolayer-modified electrodes. SAMs on 
electrodes are usually prepared by clean- 
ing the electrode surface and immersing 
the electrode in a solution containing the 
self-assembling molecules. “Virgin” metal 
surfaces are customarily prepared by a 
vacuum deposition of the metal onto a 
smooth substrate such as silicon or mica; 
these surfaces often exhibit the single- 
crystal character. Bulk metal electrodes 
may be pretreated with etchants and/or 
powerful oxidants (e.g. “piranha” solu- 
tion, a hot mixture of sulfuric acid and 
hydrogen peroxide) to remove all con- 
taminants. Any residual oxide is usually 
removed by chemical or electrochemical 
treatment. The exact conditions of the de- 
position are dependent on variables such 
as the quality of the SAM desired and 
the nature of the metal and the assem- 
bling molecules. Typically, the metal is 
immersed in a dilute (millimolar or lower 
concentration) solution of the molecules 
for periods of hours to days and then 
rinsed with solvent to remove loosely ad- 
sorbed molecules. SAMs can be formed 
on the pure metals or on metals coated 
with a second metal monolayer formed by 
underpotential deposition [8, 9]. 




The non-electrochemical methods used 
to characterize SAMs on metals include 
virtually every known surface analytical 
tool. The most popular are ellipsome- 
try, wetting contact angle, surface IR 
and Raman spectroscopy, X-ray photo- 
electron spectroscopy, and the scanning 
probe microscopies (scanning tunneling 
and atomic force microscopy). From these 
studies, some general statements can be 
made about the allcanethiol SAMs; these 
statements are likely to be relevant to other 
types of SAMs (e.g. those based on other 
head groups and chain compositions). The 
SAMs are closely packed and highly ori- 
ented. The thickness of the SAM scales 
linearly with the chain length. The alkane 
chains form domains that are often com- 
mensurate with the metal lattice. The chain 
tilt is dependent on the head group spacing 
and the tail group diameter. In some cases 
(e.g. alkane thiol on Au(lll)), the chain tilt 
is about 30° away from the surface nor- 
mal. Consequently, tilt grain boundaries 
exist between domains of alkane thiols in 
the SAM. Pits are often observed for alka- 
nethiol SAMs on gold; the pits are one gold 
atom deep and contain alkane thiols. The 
majority of the evidence points toward the 
formation of a metal -thiolate bond upon 
adsorption of either a thiol or a disulfide. 
In situ probes show that the allcanethiol 
SAMs are intact in an aqueous electrolyte 
with or without potential control. Non- 
aqueous electrolytes promote more disor- 
der in the form of gauche defects in the 
alkane chain. The degree of molecular mix- 
ing or phase separation when two different 
alkane thiols are coadsorbed is of interest. 
Phase separation is promoted by the some- 
what different solubilities of the two com- 
ponents in the deposition solution, high 
temperatures, and long deposition times. 
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8.2 

Blocking SAMs, Pinholes, and Defects 

A densely packed SAM prevents both the 
solvent and ions from reaching the metal 
surface. Thus, faradaic reactions involving 
the solvent or ion flux to the electrode 
are strongly inhibited. Gold, platinum, 
and mercury oxidation can be suppressed 
to potentials up to 0.5 V more than the 
normal potential limits exhibited by these 
metals in a given electrolyte. Faradaic 
reactions of solution redox molecules are 
similarly inhibited. An advantage of a 
blocking SAM for kinetic studies is that 
any redox molecule whose formal potential 
lies in the accessible potential range can be 
studied. In a perfectly packed monolayer, 
electron transfer between the electrode and 
the redox molecule requires tunneling of 
the electron across the full width of the 
SAM. When the current is controlled by 
the kinetics of tunneling and the rate of 
tunneling is uniform across the entire area 
of the electrode, then it rises exponentially 
with the overpotential (see Sect. 8.4). 

In practice, currents at an electrode 
with a blocking SAM often show peaks 
or plateaus at potentials close to the formal 
potential of the redox molecule (Fig. 2). 
Current peaks or plateaus are indicative 
of electron transfer limited by mass trans- 
fer of the redox couple to the electrode. 
These currents are interpreted as electron 
transfer at defects and pinholes in the 
SAM. A defect is a region in the SAM 
by which, by virtue of loose packing, a 
redox molecule can penetrate partway to 
the electrode surface. A pinhole is a site 
of exposed electrode surface. Voltammetry 
of SAM-coated electrodes is an extraor- 
dinarily sensitive tool for evaluating the 
presence of defects and pinholes in a SAM 
because nonlinear mass transfer of redox 
molecules to the defects or pinholes greatly 
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Fig. 2 A: CV of 0.7 mM Ru(NH 3 ) 6 (CI) 3 in 0.5 M NaF, pH 5, at 
0.1 V s _1 on a bare gold bead electrode (area ca 0.1 cm 2 ). 

B: CV ofthe same electrode after immersion in octadecanethiol 
ethanolic deposition solution for 30 min. Plateau currents are 
visible at low overpotentials indicating the presence of 
pinholes. C: CV of the same electrode after multiple 
immersions in the deposition solution followed by CVs. The 
plateau currents are smaller and shifted to larger 
overpotentials. Note that the charging currents near 0 V versus 
saturated calomel electrode in B and C are reduced to 
invisibility on this scale. 


increases the flux of current at those sites. 
Qualitative modeling of the pinholes and 
defects can be performed by treating the 
SAM -coated electrode as a microarray elec- 
trode, but quantitative determination of 
the density and size of the pinholes is 
much more difficult [10-14]. The magni- 
tude of the pinhole and defect currents 
can be reduced via multiple immersions 
of the electrode in the deposition solution 
(compare Fig. 2b with c). SAM-coated elec- 
trodes with a very low level of defects can 
appear to exhibit tunneling currents with a 
quasi-exponential dependence. However, 
Tafel plots (plots of log of the current ver- 
sus the overpotential) have anomalously 
low slopes, which are inconsistent with 
the theory of electron tunneling across the 
full width of the SAM (Sect. 8.4) [15-17] 
and are therefore attributed to the electron 
transfer at defects in the SAM. 


Miller and coworkers have defined cri- 
teria for ensuring that pinhole and defect 
currents are an insignificant component 
of the total current [18-22]. 

(a) Current- overpotential plots are repro- 
ducible from one SAM to another. 

(b) Currents at a constant overpotential 
decrease by a factor of 2 to 3 upon 
insertion of an extra methylene (CH 2 ) 
in the alkane chain. 

(c) Currents are insensitive to factors that 
affect diffusion coefficients (viscosity). 

(d) Currents are insensitive to procedures 
for filling pinholes and defects (e.g. 
adding a surfactant such as 1-octanol 
to the solution). 

By these criteria, there are only a few 
reported systems that exhibit tunneling 
currents with negligible defect currents 




across the full width of the SAM: the 
a)-hydroxyalkanethiol SAMs on gold of 
Miller and coworkers [18-22], one study 
of simple alkane thiols on gold [23], and 
alkanethiol SAMs on mercury [24-27]. 

Manipulation of the permeability of the 
SAM to selected redox molecules can be 
achieved through the inclusion of “molec- 
ular gates” [28-38] or changes in the 
charge density of the SAM via an ionizable 
moiety [39-43]. These manipulations are 
directed toward the fabrication of selective 
chemical sensors. 

8.3 

Electroactive SAMs 

When the redox molecule is attached to the 
SAM, the tunneling experiments are much 
less sensitive to the presence of pinholes 
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and defects in the SAM. This advantage 
was first recognized by Chidsey [44, 45]. 

The second advantage noted is that 
diffusion no longer contributes to the 
current, so equations for the current can be 
derived considering only thermodynamics 
and kinetics. The third advantage is that 
the surface concentration of the redox 
centers is readily obtained from a cyclic 
voltammogram (CV) (Fig. 3). For either the 
anodic or the cathodic peak, the faradaic 
current if is isolated by extrapolating 
the charging current baseline before and 
after the peak. The area under the peak 
g tot (= f ifdt) is related to the surface 
coverage via Faraday’s law (Eq. 1): 

r = Qm/nFA (1) 

where F is the surface coverage in moles 
per square centimeter, « is the number of 
electrons transferred per redox molecule, 



Fig. 3 CV of a mixed SAM of 

HS(CH 2 )i 5 COOH + HS(CH 2 )i 5 CON(H)CH 2 pyRu(NH 3 )s on gold 
in 0.5 M NaF, pH 5, at 0.02 V s” 1 . The formal potential E 0 ' is the 
average of the two peak potentials. Charging current baselines are 
extrapolated across the faradaic current peaks. The area of either 
the anodic or cathodic faradaic peak after correction for charging 
current is Q tot . The average Q t ot is 3.5 pC. Given a geometric area 
of 0.9 cm 2 , the coverage T is 4.0 x 10* 11 mol cm -2 . The peak 
splitting is 18 mV and the average peak half-width is 102 mV. 
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F is Faraday’s constant, and A is the 
electrode area. 

When the scan rate is sufficiently low 
such that the CV can be considered to be 
reversible (under thermodynamic control), 
then additional information is obtained 
from the CV (Fig. 3). The average of 
the anodic and cathodic peak positions 
is the formal potential E 0 ' of the redox 
molecules. In theory, the peak splitting 
A£p should be zero and the peak half- 
width of each peak should 

be 3.53 RT/nF or 91 mV/« at room 
temperature. A number of electroactive 
SAMs exhibit CVs whose peak splitting 
and half-width are very close to these 
criteria [44-50]. Frequently, a finite peak 
splitting independent of the scan rate 
and a peak half-width somewhat larger 
than the theoretical value are observed 
(as in Fig. 3). The cause of the nonzero 
peak splitting is not understood, but is 
attributed to changes in the monolayer 
structure (e.g. formation or dissolution of 
ion pairs) as a function of the oxidation 
state of the redox molecules [51]. Larger 
peak half-widths can be manifestations of 
a number of causes, such as a spread of 
formal potentials about an average value or 
double-layer effects. Double-layer effects 
become particularly important when the 
coverage of the redox molecules is high 
and one of the oxidation states has zero 
charge [52]. 

In many reports, the proof of attachment 
of the redox center is given in the form 
of a plot of the peak current i p versus 
scan rate v. For reversible conditions, ; p is 
linear with respect to v for attached redox 
molecules, whereas it is linear with respect 
to the square root of the scan rate for 
freely diffusing redox molecules. A better 
criterion for the proof of attachment is a 
peak area Qtot that is independent of the 
scan rate. This criterion does not require 


reversible behavior of the attached redox 
molecules. 

For kinetic studies, the desired SAM 
structure is a densely packed and well- 
oriented SAM with the redox molecules 
located on the surface in full contact with 
the electrolyte. The redox centers should 
be sufficiently separated along the SAM 
such that electron hopping between the 
redox molecules can be neglected. All 
faradaic current represent electron trans- 
fer between each redox center and the 
electrode. This configuration minimizes 
the double-layer effects and permits rapid 
transfer of ions to and from the elec- 
trolyte during changes in the oxidation 
state. Under these conditions, kinetic mea- 
surements should reflect the true rate of 
electron transfer between the electrode and 
the redox molecule, and not another pro- 
cess such as ion transfer [53]. 

Preparation of an electroactive SAM fol- 
lows one of the following two strategies. 
In the first strategy, the redox molecules 
are synthesized with a pendant head 
group, and SAM is formed by adsorbing 
these molecules with or without diluent 
molecules (e.g. alkane thiols with no re- 
dox centers). The coverage of the redox 
molecules can be controlled by adjusting 
the ratio of the electroactive molecules to 
the diluent molecules in the deposition 
solution and by annealing the SAM in a 
solution of the diluent after the initial de- 
position. The coverage of redox molecules 
is usually less than 30% of the max- 
imum coverage possible to ensure that 
the redox centers are well separated. The 
formation of well-ordered SAMs by this 
approach is sometimes a problem be- 
cause of the disparate solubility of the 
electroactive and diluent molecules in the 
deposition solvent and the possible forma- 
tion of phase-separated domains. In the 
second strategy, a well-ordered SAM is 



formed by adsorbing an alkanethiol with 
a pendant functional group, and the re- 
dox molecule is subsequently attached via 
bond formation to that functional group. 
The coverage is achieved via control of the 
reaction time and temperature. Facile at- 
tachment of a number of redox centers 
can be achieved via the formation of an 
amide bond between a SAM with a ter- 
minal carboxylate and a redox molecule 
with a pendant amine. Peptide catalysts 
such as carbodiimides work well in this 
coupling. 

Examples of attached redox molecules 
on alkanethiol, disulfide, and sulfide 
SAMs include ferrocenes [9, 44, 47-49, 
53-113], pentaaminepyridine ruthenium 
complexes [46, 50, 105, 114-119], poly- 
pyridyl complexes of ruthenium [120, 121] 
and osmium [122], viologens [123-135], 
quinones [127, 136-150], and porphyrins 
[127, 142, 151-163]. Cytochrome c and 
azurins can be adsorbed on SAMs ter- 
minating in ionizable or coordinating 
groups [164-190]; see the chapter by Niki 
in Volume 9. SAMs containing osmium 
polypyridyl complexes are formed when 
one of the ligands contains a pendant aro- 
matic nitrogen (e.g. pyridine) [191-196]. 
Formal potentials are generally close to 
values of fully solvated analogs, indicat- 
ing that the solvation of the attached 
redox molecules is similar to that of freely 
diffusing molecules. 


8.4 

Theoretical Model for Electron Transfer 

The model that has been successfully 
applied to electron-transfer kinetics on 
SAM-coated metal electrodes is the Mar- 
cus DOS model (DOS = density of states) 
(see also Chapter 1 of Volume 2). A partic- 
ularly clear discussion of this model has 


8.4 Theoretical Model for Electron Transfer | 631 

been given by Miller [197]. Similar models 
have been developed for semiconductor 
and semimetal electrodes [198-201]. The 
basis of the model is shown in Fig. 4. 

Both the metal and the redox molecule 
are represented by a DOS as a function of 
energy, with zero energy corresponding to 
the Fermi energy of the metal. Consider 
the reduction of an oxidized (OX) molecule 
located at the surface of a SAM on an 
electrode. Marcus theory introduces the 
reorganization energy X. It is related to the 
energy associated with the change in the 
internal structure of the OX molecule and 
the change in solvation as the molecule is 
converted to the reduced (RED) molecule. 
When the reorganization energies of the 
OX and RED forms are identical, the 
OX molecules are represented by a Gaus- 
sian distribution of electron acceptor levels 
given by the function (Eq. 2): 

D ox (£,X,ri) = (47 tXIcbT)- 1 ' 2 

x exp(— (e — X — erf) 2 / 

(4 Xk B T)) (2) 

where e is the energy at which the 
electron is transferred (with respect to the 
Fermi energy in the electrode), rj is the 
overpotential (=E — E 0/ ), e is the charge 
of an electron, k b is the Boltzmann’s 
constant, and T is the temperature. 

The width and the peak position of 
the Gaussian distribution of £>ox are 
proportional to X. The corresponding 
distribution of electron donor levels in the 
electrode are given by the Fermi function 
/(£) (Eq. 3): 

/(e) = (l + exp(e/k B rr 1 (3) 

At a given energy, the electronic cou- 
pling between the metal and redox acceptor 
states is (Eq. 4) 

W\ 2 = pie^H^ 2 (4) 
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Lumo 



/(e) HOMO D ox 


Energy Fig. 4 Principal components of the 
[eV] Marcus DOS model. The vertical axis is 
4 energy referenced with respect to the 
Fermi energy of the metal electrode. The 
occupied metal states are represented 
by the Fermi function/(e); the DOS 
p(e ) is assumed to be independent of 
energy near the Fermi energy. The redox 
molecule acceptor states Dox I s a 

- 0 Gaussian function with respect to 

energy e, the reorganization energy X, 
and the overpotential rj (Eq. 2). In this 
diagram, the electrode is set at the 
formal potential of the redox molecule 
(r) = 0) and X is 1 eV. The rate of 
electron transfer from the metal to the 

- _4 acceptor states is proportional to the 

overlap between the functions/ (e) and 
Dox- More negative potentials cause the 
Gaussian Dox to shift down relative to 
/ (e), increasing the overlap and the rate 
constant. The rate is also controlled by 
the electronic coupling between the 
donor and acceptor states. The 
electronic coupling is a function of the 
distance r between the donor and 
acceptor states and the energies of the 
highest occupied (HOMO) and lowest 
unoccupied molecular orbitals (LUMO) 
of the SAM. 


where p(e) is the DOS in the metal 
near the Fermi energy, and the electronic 
coupling between the redox acceptor state 
and an electronic state of wave vector k, 
averaged over all wave vectors, is given 
by |//kAl 2 [202]. Theoretical calculations 
indicate that “d” states in the metal 
couple much more weakly than “sp” states 
when electron tunneling occurs over a 
significant distance; so p(s) is defined 
by the “sp” states in the electrode [202]. 
The rate constant for reduction £ C at is 
given by integration over all energies 
(Eq. 5): 

ft*at = (fcr/ft) f Doxies, >i)f(s)\V\ 2 ds 

( 5 ) 


Typically, |V| 2 is assumed to be in- 
dependent of energy over the range of 
energies needed for integration and is 
moved out of the integral. Numerical in- 
tegration of Dox(s , A, rj) and /(e) can be 
done easily. There is no true analog so- 
lution, but approximation expressions for 
A C at have been derived [203-205]. Analo- 
gous expressions are readily obtained for 
the anodic rate constant k m by replacing 
the Fermi function with its complement 
1 — /(e) and replacing —A with +A in 
the exponential term in Eq. (2). The stan- 
dard rate constant k° can be calculated by 
setting rj to zero. The standard rate con- 
stant k° is approximately proportional to 
exp(— A/4&bT), and is thus quite sensitive 
to A. 



The consequences of Eq. (5) are shown 
in the theoretical Tafel plots of Figs. 5 
and 6. In Fig. 5, ln(Ar cat ) is plotted versus 
absolute /; at 298 K for A equal to 0.5, 1.0, 
and 1.5 eV. The rate constants are normal- 
ized with respect to the standard rate con- 
stant k° for A = 1 eV. At low overpotentials 
( ; 7 <§C eX), the Tafel plots are linear with a 
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slope consistent with the Butler- Volmer 
expression for the cathodic rate constant 
(Eq. 6) (see Chapter 1 of Volume 2): 

^cat(BV) = k° exp( -anFr]/RT) (6) 

where a, the transfer coefficient, has a 
value of 0.5 at rj = 0 V. The Tafel plots 



Fig. 5 Theoretical Tafel plots as a function of the 
reorganization energy. The plots are normalized with respect 
to the standard rate constant at ;; = 0 V and A = 1 .0 eV. The 
relative values of k° are 1 75 for X = 0.5 eV and 0.0064 for 
A = 1 .5 eV. 



Fig. 6 Theoretical Tafel plots as a function of temperature 
for A = 0.B eV. The plots are normalized at 25 °C. The relative 
values of k° are 0.55 for 5 °C and 1 .9 for 50°C. 
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show the curvature (a is dependent on the 
overpotential) with a greater value evident 
at lower r/ for smaller X. 

The theoretical Tafel curves approach 
the same limiting value at large overpoten- 
tials 0/ eX), independent of X. The 
maximum rate constant k C at,max corres- 
ponds to the complete overlap of the elec- 
trode donor states and the redox molecule 
acceptor states (Fig. 4). The integral of 
Doxie, k , >l) and /(e) in Eq. (5) is equal 
to 1, and, consequently (Eq. 7): 

^cat, max — (2 tt//j)| V| 2 (7) 

In Fig. 6, the effects of temperature 
on Tafel behavior are shown with the 
assumption that X and |V| 2 are inde- 
pendent of temperature. Again, at large 
overpotentials, the Tafel plots converge to 
a temperature-independent value, while 
ln(A'°) at i) = 0 V is sensitive to temper- 
ature. If the entropy of activation is zero, 
an Arrhenius plot of the standard rate con- 
stant is related to the reorganization energy 
via Eq. (8): 

X = x(R/ F)(d\n(k° /T 1/2 )/da/ T)) (8) 

where x is close to 4 (x = 4.03 works well 
for X = 0.7- 1.0 eV and temperatures near 
room temperature) [95]. If the entropy of 
activation is not zero, then a correction 
can be made on the basis of the shift of 
the formal potential with temperature [95, 
192, 194, 195, 206], 

Experimental kinetic measurements at 
SAM-coated electrodes yield two parame- 
ters, the standard rate constant k° and the 
reorganization energy X. The latter can be 
obtained either by measuring the rate con- 
stant versus the overpotential and fitting 
a Tafel plot to the theoretical curves or by 
measuring the standard rate constant ver- 
sus temperature and using Eq. (8). Once k° 


and X have been determined, k max and the 
electronic coupling | V | 2 can be calculated. 

The effect of SAM on the electronic cou- 
pling is expected to follow the tunneling 
law (Eq. 9): 

\V\ 2 *ex V (-p r r) (9) 

where r is the distance between the re- 
dox center and the electrode surface and 
p r is the distance tunneling parame- 
ter. The quantum tunneling model treats 
the SAM as a dielectric barrier with the 
barrier height based on the lowest unoc- 
cupied molecular orbital of the SAM chain 
(Fig. 4). Theoretical estimates of /,• based 
on this model for an alkanethiol SAM and 
including image dipole effects are in the 
range of 1.3-1. 8 A -1 [115]. Experimental 
evidence suggests that the electron tunnel- 
ing is coupled specifically via the tether 
connecting the metal electrode to the re- 
dox center (described as “through-bond” 
tunneling). When the chain contains a re- 
peating unit, such as a methylene group in 
an alkane chain, calculations can be made 
to estimate the dependence of the elec- 
tronic coupling with respect to the number 
of repeat units m (Eq. 10) [207, 208]: 

|V| 2 «exp (-0 m r) (10) 

For an alkane chain of 10 or more 
methylene units on a gold electrode, the 
theoretical value of is 1.0 per methylene 
unit [207]. 


8.5 

Measurements of Kinetic Parameters 

The objectives are to measure the stan- 
dard rate constant k° and, if possible, the 
rate constant k as a function of the over- 
potential ij. In all voltammetric methods, 
it is necessary to correct the effects of 



mass transfer, charging current, and un- 
compensated resistance in order to extract 
these kinetic parameters. The majority 
of the methods described here assume 
that the redox molecule is attached to the 
SAM, and hence mass-transfer effects are 
nonexistent. Further assumptions include 
a homogeneous rate constant for all redox 
molecules on or near the SAM and the 
absence of double-layer effects. Double- 
layer effects (see Chapter 3 of Volume 1) 
can be defined as changes in the surface 
concentration (for freely diffusing redox 
molecules) or the driving force for electron 
transfer because of changes of the electro- 
static potential at the plane of the redox 
molecules (the plane of electron trans- 
fer) [52]. For SAMs of sufficient thickness 
and low dielectric constant, simple electro- 
static arguments show that any changes in 
the electrode potential result in changes in 
the electrostatic potential within the body 
of the SAM, with minimal changes at the 
plane of the redox molecules. Changing 
the oxidation states of the attached redox 
molecules can also cause the electrostatic 
potential at the plane of electron transfer 
to change. This effect can be minimized by 
making the ionic strength of the electrolyte 
high (1 M or greater) and by reducing the 
surface coverage of the redox centers to 
10% or less than that of a complete mono- 
layer [52, 209, 210]. 

For perfectly blocking SAMs and free 
diffusion redox molecules, linear scan 
voltammetry (LSV) in an unstirred elec- 
trolyte provides a facile method for obtain- 
ing k versus i] [18-22, 211-213]. The rate 
constant (units of centimeters per second) 
can be extracted directly from the current 
via Eq. (11): 

k = i/(nFAC s ) (11) 

where C s is the solution concentration 
of the oxidized or the reduced form 
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of the redox molecule at the monolayer 
surface. At sufficiently small currents, the 
surface concentration can be equated to the 
bulk concentration. As currents increase, 
mass-transfer (diffusion) effects become 
important. The effects of diffusion can 
be removed by calculating the surface 
concentration via semi-integration of the 
current [20]. This calculation assumes that 
diffusion is linear and that the rate 
of electron transfer is uniform across 
the surface of the blocking SAM. The 
kinetically limited current is obtained by 
multiplying the measured current by the 
ratio of the bulk concentration to the 
surface concentration. 

Having a nearly continuous plot of 
kinetically controlled current over a wide 
range of overpotentials (in excess of 1 V) 
permits a unique method of extracting X. 

If the Fermi distribution f(e ) is assumed 
to be a step function, the derivative of 
the kinetically controlled current with 
respect to the overpotential is the Gaussian 
distribution of the redox donor or acceptor 
levels (Eq. 2) multiplied by a constant [20]. 
Fitting either the peak position or the peak 
width of the Gaussian distribution yields X. 

For SAMs with attached redox mole- 
cules, k° (units of s -1 ) can be measured 
by cyclic voltammetry, chronoamperome- 
try (CA), alternating current impedance 
spectroscopy (ACIS), alternating cur- 
rent voltammetry (ACV), AC electrore- 
flectance spectroscopy, and an indirect 
laser-induced temperature (ILIT) jump 
method. 

As the scan rate of a CV increases, kinetic 
control causes the anodic current peak to 
move positive and the cathodic current 
peak to move negative of E 0 ' (Fig. 7). 
Laviron has published working curves for 
the peak splitting A £ p as a function of 
scan rate and k° [214]. The working curves 
assume that the transfer coefficient a is 
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V vs SCE 


Fig. 7 Overlay CVs for a mixed SAM of 
HS(CH 2 ) 15 COOH + HS(CH 2 )i 5 CON (H)CH 2 pyRu(NH 3 ) 5 on 
gold in 0.5 M NaF, pH 5, as a function of the scan rate. The 
currents are normalized with respect to the scan rate. Scan rates 
are shown in volts per second. 


independent of the overpotential. Several 
researchers have performed simulations 
of CVs using the rate constants obtained 
from Eq. (5) to generate working curves of 
Ep — E 0 ' for different values of k [204,215, 
216]. When A£ p is less than 200 mV, the 
working curves are relatively insensitive to 
A, and Laviron’s working curve can be used 
to obtain k°. These methods assume that 
the iR drop is negligible (the product of the 
peak current / p times the uncompensated 
resistance R u is less than 10 mV). 

In ACIS, a DC potential is combined 
with a small AC potential (10 mV or 
less) of amplitude E A c and frequency /. 


The in-phase and out-of-phase AC current 
components are measured as a function 
of the frequency. The data are analyzed 
in terms of an equivalent circuit (Fig. 8) 
containing the uncompensated resistance, 
the interfacial capacitance, and a series RC 
circuit for the faradaic current component. 
Laviron has derived expressions for the 
adsorption resistance Ra and adsorption 
capacitance Ca, assuming that a is 0.5 
[217]. At r) = 0 V, the expressions are 
particularly simple (Eqs 12 and 13): 

R A = 2RT/(nFQ tot k°) (12) 

C A = Qtot/mT/nF) (13) 


CPE 


R„ 


Ra 


Fig. 8 Equivalent circuit for an 
electroactive SAM. R u is the 
uncompensated resistance, CPE 
is the constant phase element, 
Ra is the adsorption resistance 
and Ca is the adsorption 
capacitance. 



Hence, k° equals 1/(2R&Ca)- Problems 
arise from this method because accurate 
fitting of the four-element equivalent 
circuit requires measurements versus 
frequency over many orders of magnitude. 
Over this wide frequency range, the 
interfacial capacitance element behaves 
not as a pure capacitance but as a constant 
phase element (CPE) [218]. ACV offers 
a solution to this problem. The DC 
potential is scanned or stepped over a 
sufficiently wide range ( E ± 0.3 V) while 
a small AC potential of fixed frequency is 
applied. The in-phase and out-of-phase AC 
current components are measured as a 
function of the DC potential. The total 
impedance (ratio of the applied potential 
to the complex current) is corrected for 
R u (obtained by high-frequency ACIS) and 
converted to the interfacial admittance. 
The nonfaradaic (CPE) admittance is 
extrapolated from the potential wings, 
where faradaic admittance is negligible, 
and subtracted to obtain the faradaic 
admittance versus DC potential. The 
faradaic admittance is fitted to Laviron’s 
equations to obtain k° [217]. Alternately, 
the cotangent of the phase of the faradaic 
admittance at »; = 0 V versus the radial 
frequency co(=2jrf) is plotted. The plot 
should be linear with a slope of l/(2k°). 
Creager has proposed a variation of ACV 
in which the ratio of the total AC at 
r) = 0 V to the nonfaradaic total current 
is plotted against log (/) and the data fitted 
to Laviron’s equations [219]. This method 
is especially useful when the coverage of 
the redox centers on SAM is low and signal 
to noise is a problem. AC electroreflectance 
spectroscopy is similar to ACIS and ACV 
(DC + AC applied potential) but with a 
twist. A monochromatic beam of light is 
reflected from the electrode and the in- 
phase and out-of-phase AC components of 
the reflected light intensity are measured. 
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If there is a large difference in absorptivity 
for the two oxidation states of the attached 
redox molecules, and if electrochromic 
effects (changes in interfacial optical 
constants versus potential) are negligible, 
then the analyses analogous to those in the 
preceding discussion yield k° [132, 133, 

164, 169, 170, 174, 175, 220-225], 

For electrodes with areas on the order of 
square millimeters to square centimeters, 
the upper limit for k° values measured 
by purely electrochemical methods is in 
the order of 10 4 to 10 5 s _1 , principally 
because of errors introduced by the uncer- 
tainty in the uncompensated resistance. 
Measurements of standard rate constants 
up to 10 7 s -1 are possible on ultra- 
microelectrodes [104]. 

The HIT method [95, 102, 105, 106, 226] 
requires a short laser pulse to heat the elec- 
trode/SAM/electrolyte interface extremely 
rapidly. The open-circuit potential change 
versus time can be modeled to extract k°. 

This method is best for extremely large 
standard rate constants (10 4 -10 7 s~ x ). 

For SAMs with attached redox mole- 
cules, only CA and CV methods have 
been used to obtain k at large rj. In the 
CA method, the electrode potential is cus- 
tomarily stepped from an initial potential 
either well positive (all redox molecules 
initially oxidized) or well negative (all re- 
dox molecules initially reduced) to a final 
potential and the current is recorded until 
the current transient has decayed to zero. 
Because large currents arise during the 
transient, it is often necessary to correct 
the applied potential for the iR drop to 
obtain the true overpotential via Eq. (14). 

>1(0 = E avpl (t)~ E w -i(t)R u (14) 

The faradaic current at any time is 
related to the instantaneous rate constant 
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via Eq. (15): 

/f(0 = k(t)(Q(t) - fiNemstCO) (15) 

where k(t ) is the sum of the cathodic 
and anodic rate constants for overpotential 
r)(t), Q(t ) is the charge corresponding to 
the amount of reactant redox molecules 
(oxidized or reduced form) remaining 
(Eq. 16) and 2Nernst(0 is the charge which 
should remain if the redox molecules were 
in equilibrium with the instantaneous 
overpotential (Eq. 17): 

Q(f) = Gw- f'ifiOdt (16) 

Jo 

0Nemst(O = <2tot(l/(l + exp (nFr](t)/ 
RT ))) (reduced form) or 
Gtot(exp(«Fi;(0//?7’)/ 

(1 + exp (nF^/RT))) 
(oxidized form) (17) 

These equations are valid for any 
overpotential. Consequently, k° can be 
determined by stepping to E 0 ' . If rj(t) 
is more than 120/n mV beyond E 0/ , 
then QNernst(0 is essentially zero. k(t) 
is calculated from Eq. (15) and is paired 
with the corresponding r](t) from Eq. (14). 
The principal difficulty is the isolation of 
the faradaic current transient from the 
total current transient, which includes 
the charging current transient. To the 
extent that the SAM-coated electrode 
behaves like the equivalent circuit in 
Fig. 8, the current transient will consist 
of approximately two exponential decays 
with time constants of r c (=T? u Ci) for 
the charging current and Tf (=k(t)~ 1 ) for 
the faradaic current. If r c is substantially 
smaller than Tf, it is convenient to wait 
for the charging current transient to decay 
to negligible values before analyzing the 
remaining faradaic current. If the iR drop 


is negligible and QNernst(f) is zero, then 
the true overpotential and rate constant 
are independent of time and the current 
transient is a simple exponential decay: 

(far (I ) = kQtot exp (~kt) (18) 

The analysis of the faradaic and charging 
current components requires the simula- 
tion of differential equations when the two 
time constants become similar and when 
the interfacial “capacitance” exhibits CPE 
character [104]. 

CV offers a more convenient approach 
for isolating the faradaic current from 
the charging current. With the usual 
assumptions (negligible double-layer ef- 
fects, densely packed SAM), the interfacial 
capacitance (or CPE) is essentially inde- 
pendent of the potential at any given scan 
rate (see Fig. 7). Linear extrapolation of the 
charging current underneath the current 
peak and its subtraction yields the faradaic 
current transient. Equations (14-17) can 
be used to obtain k(t) as a function of rj(t). 
Since the faradaic current transient covers 
a range of potentials in the order of 0.2 to 
0.5 V (Fig. 7), depending on the sweep rate 
and kinetics, it is possible, in principal, to 
obtain Tafel plot data over a considerable 
overpotential range with one single CV. 

As noted earlier, working curves have 
been calculated for the peak potential as a 
function of the scan rate, standard rate con- 
stant, and reorganization energy [204, 215, 
216]. Fitting experimental peak potentials 
versus log(v) to the working curves yields 
both k° and X. This approach requires 
that the iR drop be negligible at all scan 
rates. Several factors (iPdrop, double-layer 
effects) that can complicate the measure- 
ment of rate constants have already been 
discussed. An additional complicating fac- 
tor, kinetic heterogeneity, is apparent in 
many kinetic measurements on electroac- 
tive SAMs [78, 81, 83, 115, 216, 227]. 



Kinetic heterogeneity is defined as a spread 
of rate constants for the redox molecules 
on a SAM at a given overpotential. It ap- 
pears as deviations in the measurements 
or in the Tafel plots from the expected be- 
havior. In CA experiments, plots of ln(?) 
versus t are curved instead of being linear 
(Eq. 18 predicts a linear plot). In AC ex- 
periments, plots of the cotangent of the 
faradaic phase angle versus radial fre- 
quency at i] = 0 V are curved and those of 
peak-to-baclcground AC current ratios ver- 
sus log frequency are broadened [228]. In 
CV experiments, rate constants at a given 
overpotential vary with the scan rate that is 
used to acquire the CV. The observed trend 
is that, for a given overpotential, rate con- 
stants obtained at shorter times or higher 
frequencies are higher than rate constants 
obtained at longer times or lower frequen- 
cies. Electron transfer with the kinetically 
faster redox molecules dominates the cur- 
rent at shorter times or higher frequencies, 
whereas that with the kinetically slower re- 
dox molecules control the current at longer 
times or lower frequencies. 

There are several possible sources for 
kinetic heterogeneity [227]. First, thermo- 
dynamic heterogeneity, a spread of formal 
potentials, would result in nonuniform 
overpotentials for the redox molecules 
at a given applied potential. Thermo- 
dynamic heterogeneity can arise from 
redox molecules confined to somewhat 
different chemical environments on the 
electrode with the timescale for inter- 
conversion being long compared to the 
experimental timescale. This situation can 
sometimes be detected by a CV un- 
der reversible conditions; the peak half- 
width is broader than the theoretical 3.53 
RT/nF or 91 mV /n at room tempera- 
ture. However, even thermodynamically 
homogeneous electroactive SAMs can ex- 
hibit kinetic heterogeneity. Because kinetic 
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measurements occur at much shorter 
timescales than reversible measurements, 
configurations in the SAM or the redox 
molecule that rapidly interconvert dur- 
ing the reversible measurement may be 
“frozen” during the kinetic measurement. 

This condition would result in a variation 
of the electronic coupling \V\ 2 and/or dif- 
ferences in the reorganization energy for 
different redox molecules. 

Methods for assessing the degree of 
kinetic heterogeneity are based on mea- 
suring the kinetics of a subset of the 
entire ensemble of redox centers. In CA 
and CV experiments, k(t ) and r\{t) data 
pairs are obtained for a fixed fraction 
of the remaining reactant redox centers 
(Q(t)/Qtot, see Eq. 16). Tafel plots are gen- 
erated and fitted to the theory for each 
fixed fraction (or percentage) [83, 116, 117, 

229]. In ACIS or ACV experiments, the 
standard rate constant is measured at a 
fixed phase angle for the faradaic peak 
admittance. Simulations of kinetic hetero- 
geneity suggest that the working curves of 
peak potential versus log(v) yield an aver- 
age rate constant regardless of the degree 
of heterogeneity [215]. 


There is considerable interest in under- 
standing the factors that control long-range 
(> 10 A) electron transfer, especially in pro- 
teins [230] and DNA [231], The allcanethiol 
SAMs offer an excellent means of control- 
ling the spacing between a redox molecule 
and the metal electrode with a spatial 
resolution of approximately 1 A (corre- 
sponding to the insertion of one methylene 
in the alkyl chain). Standard rate constants 
versus number of methylenes m have been 
measured for allcanethiol SAMs on gold 
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Electronic Coupling versus Distance 
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with a number of attached redox centers 
in aqueous electrolytes: ferrocene [45, 69, 
95, 98, 104, 105], pyRu(NH 3 ) 5 [105, 115, 
229], cytochrome c [170, 183, 184, 186, 
232], and azurin [190]. A semilog plot of 
some of the results is shown in Fig. 9. 
For the longer chain lengths, k° values 
were obtained by CA and CV experiments, 
while values for the shorter chain lengths 
were obtained mainly by AC methods and 
the ILIT method. The slopes of the plots 
yield p„, , the tunneling parameter. Experi- 
mental values of p m fall in the range of 
1.0-1. 2 per methylene, independent of 
the attached redox molecule. Values of 
f m for blocking alkanethiol SAMs and 
freely diffusing redox centers are also 1.1 
per methylene, independent of the redox 
molecule and nearly independent of the 
electrode potential [20, 23]. These values 
of the tunneling parameter are in good 
agreement with the theoretical predic- 
tion for through-bond tunneling [233] and 
are substantially less than the predictions 


for through-space tunneling [115]; hence, 
through-bond tunneling (also called the su- 
perexchange mechanism) is considered to be 
the correct mechanism for electron trans- 
fer. One might expect a different p m in 
nonaqueous electrolytes, since the SAM 
alkane chains tend to become less densely 
packed and more solvated. However, a 
P,„ of 1.1 per methylene was obtained 
in a cryogenic mixture of chloroethane 
and butyronitrile [55]. The conversion of 
p m to p r requires assumptions about 
the orientation of the SAM. On Au(lll), 
the alkanethiol chains are in an all-trans 
conformation with the axis of the chain 
tilted 30° from the normal. From known 
C— C bond lengths and geometry, p r is 
calculated to be 1.0-1. 2 A -1 . 

The preceding analysis assumed a con- 
stant reorganization energy with dis- 
tance for the chain lengths in ques- 
tion. As the redox center gets closer 
to the metal electrode, image charge 
interactions should result in a decrease 



Fig. 9 Semilog plot of k° versus alkane chain length m for 
different redox molecules. Data are shown for ferrocene 
(squares and inverted triangles), pyRu(NH 3 )s (circles), and 
cytochrome c (diamonds). Linear regression lines for each 
redox molecule are shown. 



in the reorganization energy. For chain 
lengths greater than 1 nm, the measured 
reorganization energies are nearly con- 
stant, in agreement with theory, so the 
values of fi m from standard rate con- 
stants are valid. Reorganization energies 
for ferrocenes and pyRu(NH 3 )s are sig- 
nificantly lower than those predicted at 
shorter chain lengths, for reasons that 
are not clear yet [105]. Also, at chain 
lengths shorter than 1 nm, the electronic 
coupling term (Eq. 14) appears to reach 
a limiting value of 10 -10 s -1 , at least 
an order of magnitude lower than that 
predicted by contemporary theories of elec- 
tron transfer [105]. 

Kinetic measurements of cytochrome c 
electrostatically adsorbed onto cocarboxyl- 
alkanethiol SAMs are affected by the ionic 
strength, pH, and viscosity of the elec- 
trolyte, and, at shorter chain lengths, 
exhibit a limiting k° on the order of 
10 3 s _1 in 10 mM phosphate buffer [170, 
186]. A similar limiting standard rate con- 
stant is observed for azurin adsorbed on 
mixed methyl- and hydroxyl-terminated 
SAMs [190]. This phenomenon is at- 
tributed to kinetic limitation by a chemical 
step, a “configurational rearrangement” 
involving the reorientation of the adsorbed 
protein on the SAM, before the electron- 
transfer step. However, a limiting standard 
rate constant is also observed for cy- 
tochrome c linked by the coordination of 
a terminal pyridine on the SAM to the 
heme site [183, 184]. The limiting kinetics 
are more likely to be due to changes in the 
internal structure of the protein (polariza- 
tion relaxation) combined with changes in 
the local solvent structure prior to electron 
transfer. 

Several other repeating units in a SAM 
have been investigated to date, with fer- 
rocene as the pendant redox center. 
The phenyl -ethynyl group possesses both 
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rigidity and extended jt conjugation and 
might be expected to electronically cou- 
ple the electrode and the redox molecule 
more effectively than an alkane chain. 

This is indeed the case; fi r for HS- 
(p-phenyl— C=C-) m is approximately 
0.3 A -1 , substantially less that the 
0. 9-1.0 A -1 observed for linear alka- 
nes [88, 106, 107]. However, the plot of 
ln(k°) or ln(| V |) versus distance is non- 
monotonic and sensitive to side chains 
on the phenyls, suggesting that conforma- 
tion variations (e.g. angle of rotation of 
the phenyls with respect to each other) be- 
tween different numbers of repeat units 
may be controlling the observed rate to 
a large degree. The phenyl-vinyl group 
avoids rotational freedom of the phenyls 
and forces the extended n system to be 
aligned over the length of the linker. SAMs 
with up to five repeat - (p-phenyl— C=C-) 
units exhibit larger standard rate constants 
than any other linker, but the plot of ln( | V | ) 
versus distance appears to approach a sat- 
uration value of 10 11 s“ 1 at the shorter 
lengths [102, 103, 106]. The source of the 
rate constant saturation and the differ- 
ent saturation values for linear alkanes 
and conjugated tt systems is a subject of 
investigation now. Finally, there is one 
study of electron-transfer kinetics through 
SAMs containing two to six oligoglycine 
units [49]. For linkers containing two to 
four glycines, the standard rate constants 
and the /J value of 1.0 per atom were very 
similar to the corresponding values for 
linear alkanes. A smaller /3 value was ob- 
served for linkers with five and six glycines. 

A related system worthy of mention 
is a SAM based on DNA double-helical 
oligomers [231, 234, 235]. The standard 
rate constant for an anthraquinone deriva- 
tive (daunomycin) intercalated at known 
positions along the double helix is found 
to be independent of the intercalation site 
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and of breaks in the sugar-phosphate back- 
bone. These observations indicate that f r 
is quite small («0.1 A” 1 ) and support the 
hypothesis that long-range electron trans- 
fer along stacked base pairs in a DNA helix 
can be remarkably efficient. 


8.7 

Electronic Coupling versus Other Factors 

Besides distance (number of repeat 
units), a number of other factors af- 
fecting the electronic coupling between 
the metal and redox couple have been 
investigated. 

Tafel plots for a single type of SAM with 
pendant pyRu(NH3)s redox molecules 
have been acquired using gold, platinum, 
and silver electrodes [236]. The reorganiza- 
tion energies are independent of the metal. 
The standard rate constant for the Pt and 
Ag electrodes are 1.7 and 0.6, respectively, 
relative to the standard rate constant for 
gold. The DOS p(e) for Pt is about 7.5 
times higher than that of Au because of 
the “d” band states near the Fermi energy 
in Pt. The small increase in the standard 
rate constant for Pt is consistent with the 
theoretical prediction that “d” band states 
couple very weakly across a SAM and that 
the electronic coupling is dominated by 
the “sp” states [202]. 

In some systems, electronic coupling 
is affected by the nature and length of 
the diluent thiol in the SAM. The tun- 
neling parameter = O.8/CH2 has been 
measured using mixed SAMs contain- 
ing an electroactive thiol (pyRu(NH3)s 
redox molecule) of fixed length ( m = 15) 
and diluent thiols of progressively shorter 
lengths ( m = 10-15) [229]. This value is 
nearly the same as that determined as a 
function of the number of methylenes in 


the tether connecting the redox center to 
the metal. This observation suggests that 
electronic coupling can occur efficiently 
via alkane chains that are not covalently 
attached to the redox molecule. 

Similarly, the total electronic coupling 
can proceed via electronic coupling be- 
tween adjacent alkane chains [237]. Tun- 
neling currents across perfectly blocking 
alkanethiol SAMs on mercury increase 
when the mercury drop is expanded [25, 
26], Expanding the drop causes the SAM 
to become thinner via increasing tilt of the 
alkane chains. If the electronic coupling 
proceeds along a single chain, then the in- 
creasing tilt and introduction of gauche 
conformations in the chain should re- 
sult in a decrease in the through-bond 
electronic coupling. Consequently, a SAM 
with highly tilted alkane chains allows 
the optimum “path” of electronic cou- 
pling to jump from one chain to an 
adjacent one. 

Introduction of an oxygen, double or 
triple bond in the alkane chain of the 
SAM causes a decrease in the total 
electronic coupling [112, 211]. Replacing 
two methylenes with an amide link in the 
tether causes no significant change in the 
electronic coupling of a ferrocene with a 
gold electrode if the substitution is near the 
ferrocene [69]. However, SAMs containing 
buried amide bonds exhibit an increase in 
electronic coupling relative to alkanethiol 
SAMs with the same length [48, 109]. 
Intermolecular hydrogen bonding among 
the adjacent amide bonds is identified to 
be the source of the increased electronic 
coupling. The rate of electron transfer to 
ferrocenes with a 1,4-phenyl ring in the 
bridge is an order of magnitude greater 
than that of ferrocenes with a 1,3 -phenyl 
ring, indicating the importance of topology 
in electronic coupling [70]. 



8.8 

Reorganization Energies 

In the Marcus DOS model, the to- 
tal reorganization energy is the sum of 
the inner-sphere (internal vibrations) and 
outer-sphere (solvent molecules) compo- 
nents (Eq. 19): 

A = Ai s + X os (19) 

The inner-sphere X can be calculated 
from the measured force constants of 
the redox molecule in each oxidation 
state. It is possible to have distinctly 
different ki S values for each oxidation state. 
The outer sphere X for heterogeneous 
electron transfer can be estimated from the 
dielectric continuum theory (Eq. 20) [238]: 

k os = (Ae) 2 (l/D op - l/D g )(l/(2a) 

- 1/(2 r)) (20) 

where Ac is change in the charge of 
the redox molecule, £> op and D s are the 
optical and static dielectric constants of 
the electrolyte, and a is the (mean) radius 
of the redox molecule. Consequently, X os 
is the same for the oxidation and reduction 
steps in simple electron-transfer reactions. 
Several predictions can be made from 
Eq. (20). An increase in the size of the 
redox molecule or a decrease in the 
distance between the redox molecule and 
the electrode causes a decrease in X os . As 
the solvent of the electrolyte is changed 
from highly polar to weakly polar, the static 
dielectric constant approaches the optical 
dielectric constant and X os decreases again. 

Table 1 contains predictions of reorgani- 
zation energies of selected redox molecules 
in water at a distance of 2 nm. All the 
redox couples have small changes in 
bond lengths with oxidation state, and 
are therefore expected to have a small 
Ai S («0.05 eV); the values in Table 1 are 
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Tab. 1 Reorganization energies (A.) of selected 
redox centers 


Redox centers 

Theoretical 

X[eV] a 

Measured 

A[eV] b 

Ferrocene +,/0 

0.95 

0.9 

pyRu(NH 3 ) 5 3+ / 2+ 

0.95 

0.9 

Fe(CN) 6 3 -/ 4 - 

0.95 

1.0 

Fe(bpy) (Cl\l) 4 - / 2- 

0.80 

1.0 

Fe(bpy) 2 (CN) 2 +/° 

0.65 

0.8 

Fe(bpy) 3 3+ / 2+ 

0.55 

0.55 


Estimates of the theoretical reorganization 
energies of redox centers in water at 2-nm 
separation from a metal electrode, based on 
Eq. (20). 

'’Measured by fitting Tafel or Arrhenius data to 
the Marcus model for alkanethiol SAMs with 
14-18 methylenes. Uncertainty is typically 
±0.1 eV. 

py: pyridine, bpy: 2,2’-bipyridine. 

based on Eq. (20). These values can be 
considered to be nearly independent of 
temperature in the 0-50 °C range [99], A 
more sophisticated calculation of X (which 
includes the effect of the SAM and of 
image charges in the metal) predicts a 
smaller value of 0.93 eV for ferrocene at in- 
finite distance, dropping to 0.87 eV at 20 A 
from the electrode and rapidly decreasing 
at shorter distances [239], 

Table 1 also includes the typical mea- 
sured reorganization energies for selected 
redox molecules blocked by SAMs or at- 
tached to SAMs in aqueous electrolytes. 
The outer-sphere reorganization energy 
dominates the total reorganization energy 
for most of the examined redox molecules. 
The agreement between the measured and 
the theoretical values from Eq. (20) is quite 
good. Measured reorganization energies 
are independent of the composition of the 
connecting chain or the SAM as long as 
the redox center is well exposed to the 
electrolyte and is at a distance greater 
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than 1 nm. As noted in the earlier discus- 
sion, the reorganization energy appears 
to decrease more rapidly than expected 
at distances of less than 1 nm [105], For 
ferrocenes and pyRu(NH 3 )s, symmetrical 
Tafel plots are expected, and are, in fact, 
generally observed. Similarly, anodic and 
cathodic peak potentials in CVs are found 
to shift equally with respect to the formal 
potential. Reports of asymmetry in the an- 
odic and cathodic rate constants at a given 
magnitude of overpotential have been at- 
tributed to ion pairing for a relatively thick 
alkanethiol SAM [22] or to a large dipole 
moment in a oligoalanine linker [111]. 


8.9 

Future Directions 

The preceding discussion illustrates the 
versatility of electroactive SAMs for ad- 
dressing fundamental issues in electron- 
transfer kinetics. So far, an extended 
kinetic analysis with comparison to theory 
has been applied only to simple one- 
electron-transfer redox molecules. Clearly, 
there is an opportunity to study more 
complex redox systems. For example, a 
triruthenium cluster bound to a SAM ex- 
hibits multiple oxidation states and the 
reversible binding and release of CO [240]. 
Another area deserving more quantita- 
tive work is electrocatalysis in which the 
attached redox molecule mediates the elec- 
tron transfer between a solution redox 
molecule and the electrode. 

The kinetics of proton-coupled electron 
transfer is an area that is ready for ex- 
ploitation using redox couples attached 
to SAMs. There are sporadic reports of 
kinetic measurements on attached redox 
molecules with relatively complex two- 
electron, two-proton (2e2H) mechanisms: 
quinones [127, 136, 149, 241, 242] and 


azobenzenes [243-246]. The standard rate 
constant for attached quinones decreases 
substantially as the electrolyte pH is made 
more acidic [148] while that for attached 
azobenzenes exhibits a minimum at pH 
6-7 [244]. The tunneling parameter f m 
has been measured for attached quinones 
(fi m = 1.04 per CH 2 at pH 4.0, m = 1, 
4, 6, 8, 10, 12) [242] and azobenzenes 
(f) m = 1.3 ± 0.2 per CH 2 at pH 5.2, m = 2, 
4, 6) [245]. Electron-transfer kinetics for 
the azobenzene redox molecule are re- 
markably sluggish. An azobenzene redox 
molecule with a spacer of only two methy- 
lene units exhibits a standard rate constant 
in the order of 10 -5 s -1 , while a spacer of 
six methylene units drops k° below 10 -7 
s _1 [245]. These slow kinetics arise in part 
from a large ki S and in part from steric hin- 
drance to a significant change in molecular 
structure [247]. 

Two lelH redox systems have been at- 
tached to SAMs, and full studies of the 
kinetics as a function of electrolyte pH 
have been performed [248-250]. The data 
were compared to the predictions of the 
stepwise mechanism. In this mechanism, 
electron and proton transfers are sepa- 
rate steps and proton transfer is treated 
as an equilibrium [251, 252]. With the in- 
clusion of a potential-dependent transfer 
coefficient [253], two testable predictions 
can be made. A plot of log(k°) versus 
pH has a V shape, and a plot of a(0) (the 
transfer coefficient at the formal potential) 
versus pH oscillates about 0.5. These pre- 
dictions are consistent with kinetic data 
collected for a SAM with an attached galvi- 
nol (a phenol-like redox molecule) at pHs 
greater than 8 [248, 249], However, the 
data obtained for an osmium complex 
([Os 111 / 11 (bpy)2(py) (L)], L = OH or H 2 0) 
deviate substantially from the predictions. 
The plot of ln(k°) versus pH is much less 
dependent on pH than expected, and the 



plot of a(0) versus pH hovers around a 
value of 0.46. Currently, these results are 
being interpreted in terms of a concerted 
mechanism in which the proton and elec- 
tron are transferred in the same step. 

There are numerous reports of the 
existence of electrocatalysis via an attached 
redox center on a SAM (see Sect. 4.3), 
but few reports in which the rates of 
electron transfer between the electrode 
and the attached redox molecule and 
between the attached redox molecule and 
the solution redox molecule are measured. 
It would be interesting to study the 
electron-transfer kinetics in SAMs with 
multiple redox molecules linked along a 
single tether (such as porphyrins [157] or 
metal-terpyridine complexes) [122]. From 
such a system, one could derive the rate 
of electron transfer between two redox 
molecules connected by a molecular bridge 
and check the considerable data available 
on intramolecular transfer obtained by 
other methods [254], For a variety of 
applications, measurements of the rates 
of electron transfer between an electrode 
and metal nanoparticles tethered to the 
SAM are also of interest [255]. 

References 

1. A. R. Bishop, R. G. Nuzzo, Colloid Interface 
Sci. 1996, 1, 127-136. 

2. L. H. Dubois, R. G. Nuzzo, Annu. Rev. Phys. 
Chem. 1992, 43, 437-463. 

3. Th. Wink, S. f. van Suilen, A. Bult et al., 
Analyst 1997, 122, 43R-50R. 

4. C.-J. Zhong, M. D. Porter, Anal. Chem. 1995, 
67, 709A-715A. 

5. A. Ulman, An Introduction to Ultrathin 
Organic Films, Academic Press, New York, 

1991. 

6. G. M. Whitesides, P. E. Laibinis, Langmuir 
1990, 6, 87-96. 

7. H. O. Finklea, Electroanal. Chem. 1996, 19, 
109-335. 

8. G. K. Jennings, P. E. Laibinis, Langmuir 
1996, 12, 6173-6175. 


8. 9 Future Directions | 645 

9. G. K. Jennings, P. E. Laibinis,/. Am. Chem. 

Soc. 1997, 119, 5208-5214. 

10. E. Sabatani, I. Rubinstein, /. Phys. Chem. 

1987, 91, 6663-6669. 

11. H. O. Finklea, D. A. Snider, J. Fedyk et al., 
Langmuir 1993, 9, 3660-3667. 

12. L. Sun, R. M. Crooks, /. Electrochem. Soc. 

1991, 138, L23-L25. 

13. L. Sun, R. M. Crooks, Langmuir 1993, 9, 
1951-1954. 

14. F. P. Zamborini, R. M. Crooks, Langmuir 
1997, 13, 122-126. 

15. X. Cui, D. Jiang, P. Diao et al.,/. Electroanal. 

Chem. 1999, 470, 9-13. 

16. H. O. Finklea, D. A. Snider, J. Fedyk, Lang- 
muir 1990, 6, 371-376. 

17. J. Xu, H.-L. Li, Y. Zhang, J. Phys. Chem. 

1993, 97, 11497-11500. 

18. C. Miller, M. Gratzel, J. Phys. Chem. 1991, 

95, 5225-5233. 

19. C. Miller, P. Cuendet, M. Gratzel, /. Phys. 

Chem. 1991, 95, 877-886. 

20. A. M. Becka, C. J. Miller, /. Phys. Chem. 

1992, 96, 2657-2668. 

21. A. M. Becka, C. J. Miller, /. Phys. Chem. 

1993, 97, 6233-6239. 

22. S. Terrettaz, A. M. Becka, M. J. Traub et al., 

/. Phys. Chem. 1995, 99, 11216-11224. 

23. D. E. Khoshtariya, T. D. Dolidze, L. D. 
Zusman et al., /. Phys. Chem. A 2001, 105, 
1818-1829. 

24. A. Demoz, D. J. Harrison, Langmuir 1993, 

9, 1046-1050. 

25. K. Slowinski, R. V. Chamberlain, R. Bile- 
wicz et al., J.Am. Chem. Soc. 1996, 118, 
4709-4710. 

26. K. Slowinski, R. V. Chamberlain, C. J. 

Miller et al ., J. Am. Chem. Soc. 1997, 119, 
11910-11919. 

27 . K. Slowinski, K. U. Slowinska, M. Majda, 

/. Phys. Chem. B 1999, 103, 8544-8551. 

28. O. Chailapakul, R. M. Crooks, Langmuir 
1993, 9, 884-888. 

29. O. Chailapakul, R. M. Crooks, Langmuir 
1995, 11, 1329-1340. 

30. R. Bilewicz, T. Sawaguchi, R. V. Chamber- 
lain II et al., Langmuir 1995, 11, 2256-2266. 

31. K. Slowinski, R. Bilewicz, M. Majda, Chem. 

Anal. ( Warsaw ) 1995, 40, 329-339. 

32. A. E. Kaifer, Isr.J. Chem. 1996, 36, 389-397. 

33. M. T. Rojas, R. Koniger, J. F. Stoddart et al., 

J. Am. Chem. Soc. 1995, 117, 336-343. 

34. M. T. Rojas, A. E. Kaifer,/. Am. Chem. Soc. 

1995, 127, 5883-5884. 



646 | 8 Electron Transfer 

35. I. Rubinstein, S. Steinberg, Y. Tor et al., 
Nature 1988, 332, 426-429. 

36. S. Steinberg, Y. Tor, E. Sabatani et al., 
/. Am. Chem. Soc. 1991, 113, 5176-5182. 

37. S. Steinberg, I. Rubinstein, Langmuir 1992, 

8, 1183-1187. 

38. S. Steinberg, Y. Tor, A. Shanzer, in Organic 
Thin Films and Surfaces (Ed.: A. Ulman), 
Academic Press, New York, 1995, pp. 
183-205. 

39. K. Takehara, H. Takemura, Y. Ide, Elec- 
trochim. Acta 1994, 39, 817-822. 

40. F. Malem, D. Mandler, Anal. Chem. 1993, 

65, 37-41. 

41. I. Turyan, D. Mandler, Anal. Chem. 1994, 

66, 58-63. 

42. I. Turyan, D. Mandler, Anal. Chem. 1997, 
69, 894-897. 

43. N. Nakashima, T. Taguchi, Y. Takada et al., 
/. Chem. Soc., Chem. Commun. 1991, 
232-233. 

44. C. E. D. Chidsey, C. R. Bertozzi, T. M. 
Putvinski et al.,/. Am. Chem. Soc. 1990, 112, 
4301-4306. 

45. C. E. D. Chidsey, Science 1991, 251, 

919-922. 

46. H. O. Finklea, D. D. Hanshew, J. Electro- 
anal. Chem. 1993, 347, 327-340. 

47. J. P. Collman, N. K. Devaraj, C. E. D. Chid- 
sey, Langmuir 2004, 20, 1051-1053. 

48. S. Sek, A. Misicka, R. Bilewicz, J. Phys. 
Chem. B 2000, 104, 5399-5402. 

49. S. Sek, A. Sepiol, A. Tolak et al., J. Phys. 
Chem. B 2004, 108, 8102-8105. 

50. E. Tran, M. A. Rampi, G. M. Whitesides, 
Angew. Chem., Int. Ed. Engl. 2004, 43, 
3835-3839. 

51. S. W. Feldberg, I. Rubinstein,/. Electroanal. 
Chem. 1988, 240, 1-15. 

52. C. P. Smith, H. S. White, Anal. Chem. 1992, 
64, 2398-2405. 

53. J. J. Sumner, S. E. Creager ,/. Phys. Chem. B 
2001, 105, 8739-8745. 

54. W. B. Caldwell, K. Chen, B. R. Herr etal., 
Langmuir 1994, 10, 4109-4115. 

55. M. T. Carter, G. K. Rowe, J. N. Richard- 
son etal., J. Am. Chem. Soc. 1995, 117, 
2896-2899. 

56. O. Clot, M. O. Wolf, Langmuir 1999, 15, 
8549-8551. 

57. S. E. Creager, G. K. Rowe, Langmuir 1993, 

9, 2330-2336. 

58. S. E. Creager, G. K. Rowe, /. Electroanal. 
Chem. 1994, 370, 203-211. 


59. H. C. De Long, J. J. Donohue, D. A. Buttry, 
Langmuir 1991, 7, 2196-2202. 

60. T. J. Gardner, C. D.Frisbie, M. S.Wrighton, 
/. Am. Chem. Soc. 1995, 117, 6927-6933. 

61. J.-B. D. Green, M. T. McDermott, M. D. 

Porter, /. Phys. Chem. 1996, 100, 

13342-13345. 

62. L.-H. Guo, }. S. Facci, G. McLendon,/. Phys. 
Chem. 1995, 99, 8458-8861. 

63. Z. He, S. Bhattacharyya, W. E. Cleland 
etal., J. Electroanal. Chem. 1995, 397, 
305-310. 

64. B. R. Herr, C. A. Mirkin, /. Am. Chem. Soc. 
1994, 116, 1157-1158. 

65. J. J. Hickman, D. Ofer, C. Zou et al., /. Am. 
Chem. Soc. 1991, 113, 1128-1132. 

66. K. S. Alleman, K. Weber, S. E. Creager, 
/. Phys. Chem. 1996, 100, 17050-17058. 

67. L. A. Hockett, S. E. Creager, Langmuir 1995, 
11, 2318-2321. 

68. K. Hu, Z. Chai, J. K. Whitesell et al., 
Langmuir 1999 , 15, 3343-3347. 

69. J. J. Sumner, K. S. Weber, L. A. Hockett 

etal., J. Phys. Chem. B 2000, 104, 

7449-7454. 

70. J. J. Sumner, S. E. Creager, /. Am. Chem. 
Soc. 2000, 122, 11914-11920. 

71. R. S. Ingram, R. W. Murray, J. Chem. Soc., 
Faraday Trans. 1996, 92, 3941-3946. 

72. H. Ju, D. Leech, Langmuir 1998, 14, 

300-306. 

73. T. Kondo, M. Takechi, Y. Sato et al., 
/. Electroanal. Chem. 1995, 381, 203-209. 

74. M. C. Leavy, S. Bhattacharyya, W. E. Cle- 
land et al., Langmuir 1999, 15, 6582-6586. 

75. A. Niemz, E. Jeoung, A. K. Boal et al., 
Langmuir 2000, 16, 1460-1462. 

76. S. D. O’Connor, G. T. Olsen, S. E. Creager, 
/. Electroanal. Chem. 1999, 466, 197-202. 

77. T. Ohtsuka, Y. Sato, K. Uosaki, Langmuir 
1994, 10, 3658-3662. 

78. S. R. Peck, L. S. Curtin, L. M. Tender et al., 
/. Am. Chem. Soc. 1995, 117, 1121-1126. 

79. D. D. Popenoe, R. S. Deinhammer, M. D. 
Porter, Langmuir 1992, 8, 2521-2530. 

80. J. Redepenning, J. M. Flood, Langmuir 
1996, 12, 508-512. 

81. L. S. Curtin, S. R. Peck, L. M. Tender et al., 
Anal. Chem. 1993, 65, 386-392. 

82. ). N. Richardson, G. K. Rowe, M. T. 
Carter et al., Electrochim. Acta 1995, 40, 
1331-1338. 

83. J. N. Richardson, S. R. Peck, L. S. Curtin 
et al.,/. Phys. Chem. 1995, 99, 766-772. 



8 . 9 Future Directions 


647 


84. G. K. Rowe, S. E. Creager, J. Phys. Chem. 
1994, 98, 5500-5507. 

85. S. Rubin, J. T. Chow, J. P. Ferraris et al., 
Langmuir 1996, 12, 363-370. 

86. R. C. Sabapathy, S. Bhattacharyya, W. E. 

Cleland etal., Langmuir 1998, 14, 

3797-3807. 

87. R. C. Sabapathy, S. Bhattacharyya, M. C. 
Leavy et al., Langmuir 1998, 14, 124-136. 

88. S. B. Sachs, S. P. Dudek, R. P. Hsung et al., 
J. Am. Chem. Soc. 1997, 119, 10563-10564. 

89. Y. Sato, H. Itoigawa, K. Uosaki, Bull. Chem. 
Soc.Jpn. 1993, 66, 1032-1037. 

90. Y. Sato, K. Uosaki, in Redox Mechanisms 
and Interfacial Properties of Molecules of 
Biological Importance (Eds.: F. A. Schultz, 

I. Taniguchi), The Electrochemical Society, 
Pennington, 1993, pp. 299-311. 

91. Y. Sato, B. L. Frey, R. M. Corn et al., Bull. 
Chem. Soc.Jpn. 1994, 67, 21-25. 

92. Y. Sato, F. Mizutani, K. Shimazu et al., 

J. Electroanal. Chem. 1999, 474, 94-99. 

93. K. Shimazu, I. Yagi, Y. Sato et al.,/. Electro- 
anal. Chem. 1994, 372, 117-124. 

94. K. Shimazu, Y. Sato, I. Yagi et al., Bull. 
Chem. Soc.Jpn. 1994, 67, 863-865. 

95. J. F. Smalley, S. W. Feldberg, C. E. D. 
Chidsey et al., J. Phys. Chem. 1995, 99, 
13141-13149. 

96. J. A. M. Sondag-Huethorst, L. G. J. Fokkink, 
Langmuir 1994, 10, 4380-4387. 

97. R. Voicu, T. H. Ellis, H. Ju et al., Langmuir 
1999, 15, 8170-8177. 

98. K. Weber, L. Hockett, S. Creager, J. Phys. 
Chem. B 1997, 101, 8286-8291. 

99. K. S. Weber, S. E. Creager, J. Electroanal. 
Chem. 1998, 458, 17-22. 

100. S. Ye, Y. Sato, K. Uosaki, Langmuir 1997, 
13, 3157-3161. 

101. L. Zhang, L. A. Godinez, T. Lu et al., Angew. 
Chem., Int. Ed. Engl. 1995, 34, 235-237. 

102. H. D. Sikes, J. F. Smalley, S. P. Dudek et al., 
Science 2001, 291, 1519-1523. 

103. S. P. Dudek, H. D. Sikes, C. E. D. Chidsey, 
J. Am. Chem. Soc. 2001, 123, 8033-8038. 

104. D. B. Robinson, C. E. D. Chidsey, J. Phys. 
Chem. B 2002, 106, 10706-10713. 

105. J. F. Smalley, H. O. Finklea, C. E. D. 
Chidsey et al.,/. Am. Chem. Soc. 2003, 125, 
2004-2013. 

106. J. F. Smalley, S. B. Sachs, C. E. D. 
Chidsey et al., /. Am. Chem. Soc. 2004, 126, 
14620-14630. 


107. S. Creager, C. J.Yu, C. Bamdadet al.,/. Am. 
Chem. Soc. 1999, 121, 1059-1064. 

108. B. Liu, A. J. Bard, M. V. Mirkin et al.,/. Am. 
Chem. Soc. 2004, 126, 1485-1492. 

109. S. Sek, B. Palys, R. Bilewicz,/. Phys. Chem. 
B 2002, 106, 5907-5914. 

110. S. Sek, E. Maicka, R. Bilewicz, Electrochim. 
Acta 2005, 50, 4857-4860. 

111. S. Sek, A. Tolak, A. Misicka etal., J. Phys. 
Chem. B 2005, 109, 18433-18438. 

112. A. M. Napper, H. Liu, D. H. Waldeck, 
J. Phys. Chem. B 2001, 105, 7699-7707. 

113. K. Seo, I. C. Jeon, D. J. Yoo, Langmuir 2004, 
20, 4147-4154. 

114. H. O. Finklea, M. S. Ravenscroft, D. A. 
Snider, Langmuir 1993 , 9, 223-227. 

115. H. O. Finklea, D. D. Hanshew, J. Am. 
Chem. Soc. 1993, 114, 3173-3181. 

116. H. O. Finklea, M. S. Ravenscroft, Isr. J. 
Chem. 1997, 37, 179-184. 

117. M. S. Ravenscroft, H. O. Finklea, J. Phys. 
Chem. 1994, 98, 3843-3850. 

118. J. Redepenning, H. M. Tunison, H. O. 
Finklea, Langmuir 1993, 9, 1404-1407. 

119. E. Tran, C. Grave, G. M. Whitesides etal., 
Electrochim. Acta 2005, 50, 4850-4856. 

120. Y. Sato, K. Uosaki, J. Electroanal. Chem. 
1995, 384, 57-66. 

121. C. Hortholary, F. Mine, C. Coudret et al., 
Chem. Commun. 2002, 1932-1933. 

122. M. Maskus, H. D. Abruna, Langmuir 1996, 
12, 4455-4462. 

123. H. C. De Long, D. A. Buttry, Langmuir 1990, 
6, 1319-1322. 

124. H. C. De Long, D. A. Buttry, Langmuir 1992, 
8, 2491-2496. 

125. S. Dong, J. Li, Bioelectrochem. Bioenerg. 
1997, 42, 7-13. 

126. E. Katz, N. Itzhak, I. Willner, Langmuir 
1993, 9, 1392-1396. 

127. E. Katz, I. Willner, Langmuir 1997, 13, 
3364-3373. 

128. J.-H. Kim, K. A. B. Lee, R. A. Uphaus et al., 
Thin Solid Films 1992, 210(211), 825-827. 

129. K. A. B. Lee, Langmuir 1990, 6, 709-712. 

130. J. Li, G. Cheng, S. Dong, Thin Solid Films 
1997, 293, 200- 205. 

131. T. Sagara, H. Kawamura, K. Ezoe et al., 
J. Electroanal. Chem. 1998, 445, 171-177. 

132. T. Sagara, N. Kaba, M. Komatsu etal., Elec- 
trochim. Acta 1998, 43, 2183-2193. 

133. T. Sagara, H. Maeda, Y. Yuan et al., Lang- 
muir 1999, 15, 3823-3830. 



648 


8 Electron Transfer 


134. X. Tang, T. Schneider, D. A. Buttry, Lang- 
muir 1994, 10, 2235-2240. 

135. X. Tang, T. W. Schneider, }. W. Walker 
et al., Langmuir 1996, 12, 5921-5933. 

136. A. Doron, M. Portnoy, M. Lion-Daganet al., 
]. Am. Chem. Soc. 1996, 118, 8937-8944. 

137. Z. He, S. Bhattacharyya, M. C. Leavy et al., 
]. Electroanal. Chem. 1998, 458, 7-16. 

138. C. D. Hodneland, M. Mrksich, Langmuir 
1997, 13, 6001-6003. 

139. E. Katz, H.-L. Schmidt,/. Electroanal. Chem. 

1993, 360, 337-342. 

140. E. Katz, H.-L. Schmidt,/. Electroanal. Chem. 

1994, 368, 87-94. 

141. E. Y. Katz, V. V. Borovkov, R. P. Evstigneeva, 
J. Electroanal. Chem. 1992, 326, 197-212. 

142. T. Kondo, M. Yanagida, S. Nomura etal., 
/. Electroanal. Chem. 1997, 438, 121-126. 

143. E. Lorenzo, L. Sanchez, F. Pariente et al., 
Anal. Chim. Acta 1995, 309, 79-88. 

144. J. Lukkari, M. Meretoja, I. Kartio et al., 
Langmuir 1999, 15, 3529-3537. 

145. Y. Mo, M. Sandifer, C. Sukenik et al., Lang- 
muir 1995, 11, 4626-4628. 

146. Y. Sato, M. Fujita, F. Mizutani etal., 
/. Electroanal. Chem. 1996, 409, 145-154. 

147. D. A. Shultz, G. N. Tew,/. Org. Chem. 1994, 
59, 6159-6160. 

148. A. G. Larsen, K. V. Gothelf, Langmuir 2005, 
21, 1015-1021. 

149. S. Ye, A. Yashiro, Y. Sato et al., /. Chem. 
Soc., Faraday Trans. 1996, 92, 3813-3821. 

150. M. Kazemekaite, A. Bulovas, Z. Talaikyte 
et al., Tetrahedron Lett. 2004, 45, 3551-3555. 

151. T. Akiyama, H. Imahori, Y. Sakata, Chem. 
Lett. 1994, 1447-1450. 

152. J. E. Hutchison, T. A. Postlethwaite, R. W. 
Murray, Langmuir 1993, 9, 3277-3283. 

153. J. E. Hutchison, T. A. Postlethwaite, 

C. Chen et al., Langmuir 1997, 13, 

2143-2148. 

154. H. Imahori, H. Norieda, S. Ozawa et al., 
Langmuir 1998, 14, 5335-5338. 

155. T. Lotzbeyer, W. Schuhmann, E. Katz et al., 
/. Electroanal. Chem. 1994, 377, 291-294. 

156. N. Nishimura, M. Ooi, K. Shimazu etal., 
/. Electroanal. Chem. 1999, 473, 75 - 84. 

157. D. A. Offord, S. B. Sachs, M. S. Ennis et al., 
/. Am. Chem. Soc. 1998, 120, 4478-4487. 

158. T. A. Postlethwaite, f. E. Hutchison, K. W. 

Hathcock etal., Langmuir 1995, 11, 

4109-4116. 

159. K. Uosaki, T. Kondo, X.-Q. Zhang et al., 
/. Am. Chem. Soc. 1997, 119, 8367-8368. 


160. J. Zak, H. Yuan, M. Ho et al., Langmuir 
1993, 9, 2772-2774. 

161. Z. Zhang, S. Hou, Z. Zhu et al., Langmuir 
2000, 16, 537-540. 

162. T. A. Eberspacher, J. P. Collman, C. E. D. 

Chidsey etal., Langmuir 2003, 19, 

3814-3821. 

163. A. A. Yasseri, D. Syomin, V. L. Mali- 
novskii et al., /. Am. Chem. Soc. 2004, 126, 
11944-11953. 

164. S. Arnold, Z. Q. Feng, T. Kakiuchi et al., 
/. Electroanal. Chem. 1997, 438, 91-97. 

165. R. A. Clark, E. F. Bowden, Langmuir 1997, 
13, 559-565. 

166. M. Collinson, E. F. Bowden, M. J. Tarlov, 
Langmuir 1992, 8, 1247-1250. 

167. J. M. Cooper, K. R. Greenough, C. J. 
McNeil, /. Electroanal. Chem. 1993, 347, 
267-275. 

168. A. El Kasmi, J. M. Wallace, E. F. Bowden 
et al.,/. Am. Chem. Soc. 1998, 120, 225-226. 

169. Z. Q. Feng, S. Imabayashi, T. Kakiuchi 
etal., J. Electroanal. Chem. 1995, 394, 
149-154. 

170. Z. Q. Feng, S. Imabayashi, T. Kakiuchi 
et al., /. Chem. Soc., Faraday Trans. 1997, 
93, 1367-1370. 

171. L. Jiang, A. Glidle, A. Griffith et al., Bioelec- 
trochem. Bioenerg. 1997, 42, 15-23. 

172. W. Knoll, G. Pirwitz, K. Tamada et al., 
/. Electroanal. Chem. 1997, 438, 199-205. 

173. T. M. Nahir, E. F. Bowden, J. Electroanal. 
Chem. 1996, 410, 9-13. 

174. T. Ruzgas, L. Wong, A. K. Gaigalas et al., 
Langmuir 1998, 14, 7298-7305. 

175. T. Sagara, K. Niwa, A. Sone et al., Langmuir 
1990, 6, 254-262. 

176. Y. Sato, F. Mizutani, /. Electroanal. Chem. 
1997, 438, 99-104. 

177. S. Song, R. A. Clark, E. F. Bowden et al., 
/. Phys. Chem. 1993, 97, 6564-6572. 

178. M. J. Tarlov, E. F. Bowden, /. Am. Chem. 
Soc. 1991, 113, 1847-1849. 

179. M. C. Leopold, E. F. Bowden, Langmuir 
2002, 18, 2239-2245. 

180. T. M. Nahir, E. F. Bowden, Langmuir 2002, 
18, 5283-5286. 

181. J. Petrovic, R. A. Clark, H. Yue et al., Lang- 
muir 2005, 21, 6308-6316. 

182. J. Wei, H. Liu, A. R. Dick et al., /. Am. 
Chem. Soc. 2002, 124, 9591-9599. 

183. J. Wei, H. Liu, D. E. Khoshtariya et al., 
Angew. Chem., Int. Ed. Engl. 2002, 41, 
4700-4703. 



184. D. E. Khoshtariya, J. Wei, H. Liu et al., 
/. Am. Chem. Soc. 2003, 125, 7704-7714. 

185. D. H. Murgida, P. Hildebrandt, J. Weiet al., 
J. Phys. Chem. B 2004, 108, 2261-2269. 

186. A. Avila, B. W. Gregory, K. Niki et al., 
J. Phys. Chem. B 2000, 104, 2759-2766. 

187. K. Niki, J. R. Sprinkle, E. Margoliash, Bio- 
electrochemistry 2002, 55, 37-40. 

188. K. Niki, W. R. Hardy, M. G. Hill et al, 
J. Phys. Chem. B 2003, 107, 9947-9949. 

189. J. J. Wei, H. Liu, K. Nikiet al.,/. Phys. Chem. 
B 2004, 108, 16912-16917. 

190. K. Fujita, N. Nakamura, H. Ohno et al., 
J. Am. Chem. Soc. 2004, 126, 13954-13961. 

191. R. J. Forster, L. R. Faulkner, J. Am. Chem. 
Soc. 1994, 116, 5444-5452. 

192. R. J. Forster, L. R. Faulkner, J. Am. Chem. 
Soc. 1994, 116, 5453-5461. 

193. R. J. Forster, L. R. Faulkner, Langmuirl995, 
11, 1014-1023. 

194. R. J. Forster, Inorg. Chem. 1996, 35, 
3394-3403. 

195. R. J. Forster, J. P. O’Kelly, J. Phys. Chem. 

1996, 100, 3695-3704. 

196. R. J. Forster, J. G. Vos, T. E. Keyes, Analyst 
1998, 123, 1905-1911. 

197. C. f. Miller, in Physical Electrochemistry: 
Principles, Methods, and Applications (Ed.: 

I. Rubinstein), Marcel Dekker, New York, 
1995, pp. 27-79, Vol. 2. 

198. Y. Q. Gao, Y. Georgievskii, R. A. Marcus, 

J. Chem. Phys. 2000, 112, 3358-3369. 

199. N. S. Lewis, Anna. Rev. Phys. Chem. 1991, 
42, 543-580. 

200. K. E. Pomykal, A. M. Fajardo, N. S. Lewis, 
J. Phys. Chem. 1996, 100, 3652-3664. 

201. W. J. Royea, A. M. Fajardo, N. S. Lewis, 
J. Phys. Chem. B 1997, 101, 11152-11159. 

202. S. Gosavi, R. A. Marcus, J. Phys. Chem. B 
2000, 104, 2067-2072. 

203. T. M. Nahir, R. A. Clark, E. F. Bowden, 
Anal. Chem. 1994, 66, 2595-2598. 

204. M. J. Honeychurch, Langmuir 1999, 15, 
5158-5163. 

205. D. B. Robinson, C. E. D. Chidsey, J. Phys. 
Chem. 2002, 106, 10706-10713. 

206. R. J. Forster, T. E. Keyes, J. Phys. Chem. B 
1998, 102, 10004-10012. 

207. C.-P. Hsu, R. A. Marcus, J. Chem. Phys. 

1997, 106, 584-598. 

208. C. Liang, M. D. Newton, J. Phys. Chem. 
1993, 97, 3199-3211. 

209. R. Andreu, J. J. Calvente, W. R. Fawcett 
et al., Langmuir 1997 , 13, 5189-5196. 


8 . 9 Future Directions | 649 

R. Andreu, J. (. Calvente, W. R. Fawcett 

etal., J. Phys. Chem. B 1997, 101, 

2884-2894. 

J. Cheng, G. Saghi-Szabo, J. A.Tossellet al., 

J. Am. Chem. Soc. 1996, 118, 680-684. 

J. Cheng, S. Terrettaz, J. I. Blankman et al., 

Isr.J. Chem. 1997, 37, 259-266. 

S. Terrettaz, J. Cheng, C. J. Miller, J. Am. 

Chem. Soc. 1996, 118, 7857-7858. 

E. Laviron, J. Electroanal. Chem. 1979, 101, 
19-28. 

K. Weber, S. E. Creager, Anal. Chem. 1994, 

66, 3164-3172. 

L. Tender, M. T. Carter, R. W. Murray, Anal. 

Chem. 1994, 66, 3173-3181. 

E. Laviron, J. Electroanal. Chem. 1979, 97, 
135-149. 

G. J. Brug, A. L. G. Van Den Eeden, 

M. Sluyters-Rehbach et al., J. Electroanal. 

Chem. 1984, 176, 275-295. 

S. E. Creager, T. T. Wooster, Anal. Chem. 

1998, 70, 4257-4263. 

Z. Q. Feng, T. Sagara, K. Niki, Anal. Chem. 

1995, 67, 3564-3570. 

Z. Q. Feng, S. Imabayashi, T. Kakiuchi 
et al.,/. Electroanal. Chem. 1996, 408, 15-20. 

A. K. Gaigalas, G. Niaura, J. Electroanal. 

Chem. 1999, 465, 96-101. 

T. Sagara, S. Igarashi, H. Sato et al., Lang- 
muir 1991, 7, 1005-1012. 

T. Sagara, J. Iizuka, K. Niki, Langmuir 1992, 

8, 1018-1025. 

T. Sagara, T. Midorikawa, D. A. Shultz 
etal., Langmuir 1998, 14, 3682-3690. 

J. F. Smalley, C. V. Krishnan, M. Goldman 
et al., /. Electroanal. Chem. 1988, 248, 

255-282. 

G. K. Rowe, M. T. Carter, J. N. Richardson 
etal., Langmuir 1995, 11, 1797-1806. 

J. Li, K. Schuler, S. E. Creager, /. Electro- 
chem. Soc. 2000, 147, 4584-4588. 

H. O. Finklea, L. Liu, M. S. Raven- 
scroft etal., J. Phys. Chem. 1996, 100, 
18852-18858. 

(. R. Winkler, H. B. Gray, Chem. Rev. 1992, 

92, 369-379. 

S. O. Kelley, N. M. Jackson, M. G. Hill 
et al., Angew. Chem., Int. Ed. Engl. 1999, 

38, 941-945. 

E. F. Bowden, Interface 1997, 6, 40-44. 

C.-P. Hsu, /. Electroanal. Chem. 1997, 438, 
27-35. 

T. G. Drummond, M. G. Hill, J. K. Barton, 

/. Am. Chem. Soc. 2004, 126, 15010-15011. 


210 . 

211 . 

212 . 

213. 

214. 

215. 

216. 

217. 

218. 

219. 

220 . 
221 . 
222 . 

223. 

224. 

225. 

226. 

227. 

228. 

229. 

230. 

231. 

232. 

233. 

234. 



650 | 8 Electron Transfer 

235. T. Liu, J. K. Barton, J. Am. Chem. Soc. 2005, 
127, 10160-10161. 

236. H. O. Finklea, K. Yoon, E. Chamberlain 

et al., J.Phys. Chem. B 2001, 105, 

3088-3092. 

237. H. Yamamoto, D. H. Waldeck, J. Phys. 
Chem. B 2002, 106, 7469-7473. 

238. R. A. Marcus, N. Sutin, Biochim. Biophys. 
Acta 1985, 811, 265-322. 

239. Y.-P. Liu, M. D. Newton, J. Phys. Chem. 
1994, 98, 7162-7169. 

240. W. Zhou, S. Ye, M. Abe et al., Chem. - Bur. J. 
2005, 11, 5040-5054. 

241. F. Mukae, H. Takemura, K. Takehara, Bull. 
Chem. Soc. Jpn. 1996, 69, 2461-2464. 

242. H.-G. Hong, W. Park, Langmuir 2001, 17, 
2485-2492. 

243. H.-Z. Yu, Y.-Q. Wang, J.-Z. Cheng et al., 
Langmuir 1996, 12, 2843-2848. 

244. H.-Z. Yu, H.-L. Zhang, Z.-F. Liu et al., 
Langmuir 1998, 14, 619-624. 

245. H.-Z. Yu, H. B.Shao.Y. Luo et al., Langmuir 
1997, 13, 5774-5778. 


246. D. J. Campbell, B. R. Herr, J. C. Hulteen 

etal., J. Am. Chem. Soc. 1996, 118, 

10211-10219. 

247. W. B. Caldwell, D. J. Campbell, K. Chen 

etal., J. Am. Chem. Soc. 1995, 117, 

6071-6082. 

248. H. O. Finklea, R. Haddox, Phys. Chem. 
Chem. Phys. 2001, 3, 3431-3436. 

249. R. M. Haddox, H. O. Finklea,/. Electroanal. 
Chem. 2003, 550-551, 351-358. 

250. R. M. Haddox, H. O. Finklea,/. Phys. Chem. 
B 2004, 108, 1694-1700. 

251. E. Laviron, J. Electroanal. Chem. 1980, 109, 
57-67. 

252. E. Laviron, J. Electroanal. Chem. 1981, 124, 
1-7. 

253. H. O. Finklea, /. Phys. Chem. B 2001, 105, 
8685-8693. 

254. S. S. Isied, M. Y. Ogawa, J. F. Wishart, 
Chem. Rev. 1992, 92, 381-394. 

255. J. F. Hicks, F. P. Zamborini, R. W. Murray, 
J. Phys. Chem. B 2002, 106, 7751-7757. 



651 


9 

Charge Transport in 
Polymer-modified Electrodes 

Gy orgy Inzelt 

Eotvos Lorand University, Budapest, Hungary 

9.1 General Considerations 653 

9.2 Electron Transport 655 

9.2.1 Electron-exchange Reaction 655 

9.2.2 Problems with the Verification of the Model 658 

9.2.3 Advanced Theories Predicting Nonlinear D(c) Function 658 

9.2.4 Transition between Percolation and Diffusion Behaviors 659 

9.2.5 Potential Dependence of Diffusion Coefficient 660 

9.2.6 Electronic Conductivity 660 

9.3 Ion Transport 665 

9.4 Coupling of Electron and Ionic Charge Transport 667 

9.5 Other Transport Processes 669 

9.5.1 Solvent Transport 669 

9.5.2 Dynamics of Polymeric Motion 670 

9.6 Film Structure and Morphology 670 

9.6.1 Thickness 672 

9.6.2 Synthesis Conditions, Nature of Electrolyte 672 

9.6.3 Effect of Electrolyte Concentration and Temperature 673 

9.7 Relaxation and Hysteresis Phenomena 674 

9.8 Measurements of the Rate of Charge Transport 677 

References 678 


Encyclopedia of Electrochemistry. Edited by A.J. Bard and M. Stratmann 

Vol. 10 Modified Electrodes. Edited by M.Fujihira, I. Rubinstein, and J.F.Rusling 

Copyright © 2007 Wiley- VCH Verlag GmbH & Co. KGaA, Weinheim. ISBN: 978-3-527-30402-8 




653 


9.1 

General Considerations 

The elucidation of the nature of charge- 
transfer and charge transport processes 
in electrochemically active polymer films 
may be the most interesting theoretical 
problem of the field. It is also a question of 
great practical importance, because in the 
majority of their applications, fast charge 
propagation through the film is needed. 
It has become clear that the elucidation 
of their electrochemical behavior proves to 
be a very difficult task due to the complex 
nature of these systems [1-14]. 

In the case of traditional electrodes, the 
electrode reaction involves mass transport 
of the electroactive species from the 
bulk solution to the electrode surface 
and electron-transfer step at the electrode 
surface. A polymer film electrode can be 
defined as an electrochemical system in 
which at least three phases are contacted 
successively in such a way that between 
a first-order conductor (usually a metal) 
and a second-order conductor (usually an 
electrolyte solution) is an electrochemically 
active polymer layer. The polymer layer is 
more or less stably attached to the metal, 
mainly by adsorption (adhesion). 

The fundamental observation that 
should be explained is that even rather 
thick polymer films in which most of the 


redox sites are as far from the metal surface 
as 100- 10 000 nm (i.e., the surface concen- 
tration, r = 10“ 8 -10“ 6 mol cm -2 ) may 
be electrochemically oxidized or reduced. 

According to the classical theory of 
simple electron-transfer reactions, the 
reactants get very close to the electrode 
surface, and then electrons can tunnel 
over the short distance (some tenths of 
nanometer) between the metal and the 
activated species in the solution phase. 

In the case of polymer-modified elec- 
trodes, the active parts of the polymer 
cannot approach the metal surface, be- 
cause polymer chains are trapped in a 
tangled network, and chain diffusion is 
usually much slower than the timescale 
of the transient electrochemical experi- 
ment (e.g., cyclic voltammetry). Although 
we should not exclude the possibility that 
polymer diffusion may play a role in carry- 
ing charges, even the redox sites may get 
close enough to the metal surface when the 
film is held together by physical forces. It 
may also be assumed that in ion-exchange 
polymeric systems, where the redox-active 
ions are held by electrostatic binding (e.g., 
Ru(bpy) 3 + ^ 2+ in Nafion), some of these 
ions can reach the metal surface. How- 
ever, when the redox sites are covalently 
bound to the polymer chain (i.e., no free 
diffusion of the sites occurs) and especially 
when the polymer chains are connected by 
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chemical cross-linkages (i.e., only segmen- 
tal motions are possible) an explanation 
should be provided as to how the electrons 
traverse the film. 

Therefore, the transport of electrons 
can be assumed to occur either via an 
electron-exchange reaction (electron hop- 
ping) between neighboring redox sites if 
the segmental motions make it possible 
or delocalized electrons can move through 
the conjugated systems (electronic con- 
duction). The former mechanism is char- 
acteristic of redox polymers that contain 
covalently attached redox sites, either built 
in the chain or as pendant groups, or redox- 
active ions held by electrostatic binding. 

Polymers that possess electronic con- 
duction are called conducting polymers. 
Electrochemical transformation - usually 
oxidation - of the nonconducting form of 
these polymers usually leads to a reorgani- 
zation of the bonds of the macromolecule 


and the development of an extensively 
conjugated system. The electron-hopping 
mechanism is likely to be operative be- 
tween the chains (interchain conduction) 
and defects even in the case of conducting 
polymers. 

However, attention has to be paid not 
only to the electronic charging of the poly- 
mer film (i.e., to the electron exchange at 
the metal/polymer interface and the elec- 
tron transport through the surface layer) 
since, in order to preserve electroneutral- 
ity within the film, ions will cross the 
film/solution interface. The motion of 
counterions (or less frequently that of the 
coions) may also be the rate-determining 
step. The thermodynamic equilibrium be- 
tween the polymer phase and the con- 
tacting solutions requires /x; (film) = ft; 
(solution) for all mobile species. In fact, 
we may regard our film as a membrane 
or a swollen polyelectrolyte gel (i.e., the 



Fig. 1 A schematic picture of a polymer film electrode. Electron transfer 
occurs at the metal/polymer interface that initiates the electron 
propagation through the film via electron-exchange reaction between 
redox couples A and B. Ion-exchange processes take place at the 
polymer/solution interface, in the simplest case counterions enter the 
film and compensate the excess charges of the polymer. Neutral 
(solvent) molecules (O) may also be incorporated into the film 
(swelling) or leave the polymer layer. 



charged film contains solvent molecules 
and, depending on the conditions, coions, 
in addition to the counterions). 

A simple model of the charge-transfer 
and transport processes in a polymer film 
electrode is shown in Fig. 1. 

As a consequence of the incorporation of 
ions and solvent molecules into the film, 
swelling or shrinkage of the polymer ma- 
trix takes place. Depending on the nature 
and the extent of cross-links, reversible 
elastic deformation or irreversible changes 
(e.g., dissolution) may occur. Other effects, 
such as dimerization, ion-pair formation, 
cross-linking, and so forth, should also be 
considered. 

We have already mentioned several ef- 
fects that are connected with the polymeric 
nature of the layer. It is evident that all 
the charge transport processes listed are 
affected by the physicochemical proper- 
ties of the polymer. Therefore, we must 
also deal with the properties of the poly- 
mer layer if we wish to understand the 
electrochemical behavior of these sys- 
tems. The elucidation of the structure 
and properties of polymer (polyelectrolyte) 
layers as well as the changes in their 
morphology caused by the potential and 
potential-induced processes and by other 
parameters (e.g., temperature, electrolyte 
composition) set an entirely new task for 
electrochemists. Owing to the long re- 
laxation time characteristic of polymeric 
systems the equilibrium or steady-state sit- 
uation often has not been reached within 
the scale of the experiment. 

However, the application of combined 
electrochemical and nonelectrochemical 
techniques has allowed a very detailed 
insight into the nature of ionic and elec- 
tronic charge-transfer and charge trans- 
port processes. 

It is intended here to outline some 
relevant experiences, to discuss the 
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existing models and theories, as well 
as to summarize and systematize the 
knowledge accumulated with respect to 
the charge transport processes occur- 
ring in redox and conducting polymer 
films. 


As it has already been mentioned in re- 
dox polymers - which are localized state 
conductors - electron transport occurs via 
a process of sequential electron self- 
exchange between neighboring redox 
groups. In the case of electronically con- 
ducting polymers - where polymer back- 
bone is extensively conjugated, which 
makes a considerable charge delocaliza- 
tion possible - the transport of the charge 
carriers along a conjugated strand can 
be described by the band model char- 
acteristic to metals and semiconductors. 
Besides this intrachain conduction that 
provides a very high intrinsic conductivity, 
various hopping and tunneling processes 
are considered for the nonintrinsic (in- 
terstrand and interfiber) conduction pro- 


The elementary process is the transfer of 
an electron from an electron donor orbital 
on the reductant (e.g., Fe 2+ ) to the accep- 
tor orbital of the oxidant (e.g., Fe 3+ ). The 
rate of the electron transfer is very high; it 
takes place within 10 -16 seconds; however, 
the reorganization of the bonds may range 
from 10“ 13 to 10 -14 seconds, the reori- 
entation of the solvent dipoles (e.g., water 
molecules in the hydration sphere) needs 
10 _11 -10 -12 seconds and the duration 


cesses. 

9.2.1 

Electron-exchange Reaction 


9.2 

Electron Transport 
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d 



d 


Fig. 2 A schematic microscopic picture 
of the electron-exchange process 
coupled to isothermal diffusion. The 
upper part shows that species A and B~ 
start to diffuse toward each other from 
their average equilibrium distance (d) 
with the diffusion rate coefficient, k 
The next stage is the “forward” 
electron-transfer step after the 
formation of precursor complex 
characterized with rate coefficient, k e 
and the mean distance of the redox 
centers, S = 2 r*. The lower part depicts 
the separation of products, A - and B. 


of the rearrangement of the ionic at- 
mosphere is ca 10 -8 seconds. The rate 
coefficients are much higher for electron- 
exchange reactions occurring practically 
without structural changes (outer-sphere 
reactions) than those for reactions requir- 
ing high energy of activation due to the 
reorganization of the bonds (inner sphere 
mechanism). 

However, the probability of electron 
transfer (tunneling) depends critically on 
the distance between species participating 
in the electron-exchange reaction. A reac- 
tion can take place between two molecules 
if they encounter. It follows that the rate- 
determining step can be either the mass 
transport (generally, diffusion is consid- 
ered, but the effect of migration cannot 
be excluded) or the reaction (the actual 
rate of electron transfer in our case). For 
an electron-exchange process coupled to 
isothermal diffusion the following kinetic 
scheme may be considered: 

A+B- ^==± (AB-) ^=± A“ + B (1) 
k A 

where k d , k d , and k e are the rate 
coefficients for diffusive approach, for 
separation, and for the forward reaction, 


respectively. Note that is a second- 
order rate coefficient, while k and k e are 
first order. The overall second-order rate 
coefficient can be given by 

k = k d k e /k d + k e (2) 

Figure 2 illustrates schematically the 
microscopic events occurring in the course 
of an electron-exchange reaction. 

If the reaction has small energy of acti- 
vation, consequently k e is high (k e k d ), 
the rate-determining step is the approach 
of the reactants. Under these conditions 
k = k d . The kinetics are activation con- 
trolled for reactions with large activation 
energies (AG^ > 20 lcj mol' 1 for reac- 
tions in aqueous solutions), and then 

k = k e k d /k d (3) 

Since k d / k ^ is the equilibrium constant 
K for formation of the precursor complex 
k can be expressed as 

k = k e K (4) 

The rate of the collision, k d , can 
be estimated by using Smoluchowski’s 
equation: 

k d = 1000 x 4tt A^a/'abOab (5) 



where N& is the Avogadro constant, j'ab 
is the mean distance between the cen- 
ters of the species involved in the electron 
exchange (rAB ^ 2 ;'a for identical species 
where ta is the radius of the reactant 
molecule) and Dab is the relative diffu- 
sion coefficient of the reacting molecules. 
The diffusion coefficients of ions in aque- 
ous solutions at 298 K are typically 1-2 x 
10 -9 m 2 s _1 , except Dh+ = 9.1 x 10 -9 
m 2 s -1 and D OH - = 5.2 x 10“ 9 m 2 s _1 . 
For a small ion tab = 0.5 nm. By insert- 
ing these values into Eq. (5) we obtain = 
8 x 10 9 dm 3 mol -1 s _1 . Consequently, if 
k e > 10 9 dm 3 mol -1 s _1 the reaction is 
diffusion controlled. In aqueous solutions 
fast electron-transfer and acid-base re- 
actions fall within this category. On the 
other hand, if the viscosity (/;) of the 
solvent is high, due to the inverse rela- 
tionship between D and i ?, k may be 
smaller by orders of magnitude. Sim- 
ilarly, the diffusion of macromolecules 
is also slow, D = 10“ 10 -10 -16 m 2 s _1 . 
In the case of polymer film electrodes, 
where the polymer chains are trapped 
in a tangled network, rather small val- 
ues for the diffusion coefficient of the 
chain and segmental motions can be 
expected. If the latter motions are frozen- 
in (e.g., at low temperatures or with- 
out the solvent swelling which has a 
plasticizing effect on the polymer film) 
the electron transport may be entirely 
restricted. 

It follows that a diffusion control is more 
frequently operative in polymeric systems 
than in the case of ordinary solution reac- 
tions, because due to the low D values, k<j 
andk e are more likely comparable [15-22]. 
If the electron-exchange reaction occurs 
between ionic species (charged polymer 
sites) the coulombic forces may reduce 
or enhance both the probability of the 
encounter of the ions and the rate of 
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the electron transfer. For the activation- 
controlled case k e can be given as fol- 
lows [23]: 


In k e = In 


ZAZye 2 

Ir^sk^T 


( 6 ) 


where za and zb are the charges of the 
ions and e is the dielectric permittivity of 
the medium. If za and zb have the same 
sign, k e decreases; in the opposite case 
k e increases. The effect can be modified 
by using a solvent with high or low s 
values or by adding a large amount of 
inert electrolyte into the solution. In the 
latter case, the effect of ionic strength can 
approximately be given by 


Ink = Ink 0 + zazbAV/ (7) 


where A is the constant of the Debye- 
Hiickel equation. 

The electron-exchange reaction (electron 
hopping) occurs continuously between 
the molecules of a redox couple in 
a random way. A macroscopic charge 
transport takes place, however, only when 
a concentration or potential gradient exists 
in the phase at least for one of the 
components of the redox couple. In this 
case the hydrodynamic displacement is 
shortened for the diffusive species by 
<5 ~ 2?'a, because the electron exchange 
(electron diffusion) contributes to the flux. 
The contribution of the electron diffusion 
to the overall diffusion flux depends on the 
relative magnitude of k e and k<j or D e and 
Dab (he., the diffusion coefficients of the 
electron and ions, respectively). 

According to the Dahms-Ruff theory of 
electron diffusion [15-18] 

D = Dab + D e = Dab + k e S 2 c / 6 (8) 

for three-dimensional diffusion where D 
is the measured diffusion coefficient, c 
is the concentration of redox centers and 
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k e is the bimolecular electron-transfer 
rate coefficient. Factors 1/4 and 1/2 can 
be used instead of 1/6 for two- and 
one-dimensional diffusion, respectively. 

This approach has been used in order to 
describe the electron propagation through 
surface polymer films [19-23]. In these 
models it was assumed that transport oc- 
curs as a sequence of successive steps 
between adjacent redox centers of different 
oxidation states. The electron hopping has 
been described as a bimolecular process in 
the direction of the concentration gradient. 
The kinetics of the electron transfer at the 
electrode-polymer film interface, which 
initiates electron transport in the surface 
layer, is generally considered as a fast pro- 
cess, which is not rate limiting. It was also 
presumed that the direct electron transfer 
between the metal substrate and the poly- 
mer involves only those redox sites situated 
in the layer immediately adjacent to the 
metal surface. As follows from the theory 
(Eq. 8) the measured charge transport dif- 
fusion coefficient should increase linearly 
with c, whenever the contribution from the 
electron-exchange reaction is important; 
therefore the concentration dependence 
of D may be the test of theories based 
on the electron-exchange reaction mech- 
anism. Despite the fact that considerable 
efforts have been made to find the pre- 
dicted linear concentration dependence of 
D, it has been observed only in a few cases 
and for a limited concentration range. 

There may be several reasons why this 
model has not fulfilled expectations al- 
though the mechanism of electron trans- 
port as described might be correct. 

9 . 2.2 

Problems with the Verification of the Model 

The uncertainty in the determination of 
D by potential step, impedance, or other 


techniques is substantial due to prob- 
lems such as the extraction of D from 
a D 1 / 2 c product (this combination appears 
in all the methods), the difficulty aris- 
ing from the in situ thickness estimation, 
nonuniform thickness, film inhomogene- 
ity, incomplete electroactivity, and ohmic 
drop effect. It may be forecast, for exam- 
ple, that the film thickness increases, thus 
c decreases, due to the solvent swelling of 
the film, however, Dab increases, making 
the physical diffusion of ions and segmen- 
tal motions less hindered simultaneously. 
In addition, the solvent swelling changes 
with the potential, and it is sensitive to the 
composition of the supporting electrolyte. 
Because of the interactions between the 
redox centers or between the redox species 
and the film functional groups, the mor- 
phology of the film will also change with 
concentration of the redox groups. We will 
deal with these problems in Sects. 9. 5-9. 7. 
It is reasonable to assume that in many 
cases Dab D e (i.e., the electron hopping 
makes no contribution to the diffusion) 
or the most hindered process is the 
counterion diffusion, coupled to electron 
transport. 

9 . 2.3 

Advanced Theories Predicting Nonlinear 
D(c) Function 

According to the theory of the extended 
electron transfer S may be higher than 2r a, 
and it predicts an exponential dependence 
on the average site-site distance (cl) (i.e., 
on the site concentration) [24]: 

-(d - S) 

k e = ko exp (9) 

s 

where s is a characteristic distance (ca 
10 -10 m). 

An alternative approach for the de- 
scription of the relationship between the 



diffusion coefficient and redox site concen- 
tration is based on the assumption that at 
high enough concentration of redox cen- 
ters, several electron hops may become 
possible because more than two sites are 
immediately adjacent, that is, the charge 
donated to a given redox ion through diffu- 
sional encounter may propagate over more 
than one site in the direction of the concen- 
tration gradient. It is the case in systems 
where the electron-exchange rate is high; 
therefore the rate of the electron transport 
is determined by the physical diffusion 
of redox species incorporated in an ion- 
exchange membrane or that of the chain- 
and segmental motions. This enhances the 
total electron flux. Formally, this is equiva- 
lent to an increase of the electron-hopping 
distance by a certain factor, /; thus D can 
be expressed as follows [25]: 


D = Do + 


k e c(Sf) 2 

6 


( 10 ) 


Assuming a Poisson distribution of the 
electroactive species, the enhancement 
factor can be expressed as a power series of 
a probability function, which is related to 
the concentration. At low concentrations 
the probability of finding more than one 
molecule in the hemisphere with the 
radius of molecular collision distance is 
nearly zero and / = 1. The factor, and 
therefore D e , increase noticeably at higher 
concentrations. 

The model suggests that k e or D e should 
first have an exponential-like rise with in- 
creasing c, then flatten at high concentra- 
tions. The exponential rise occurs because, 
as the concentration increases, cl becomes 
smaller, which promotes intersite electron 
transfer. As the minimum center-to-center 
separation is approached, when each redox 
center has a nearest neighbor practically 
in contact, k e or D e asymptotically nears 
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its theoretical maximum value. Similar re- 
sults have been obtained by a microscopic 
model, which describe electron (or hole) 
diffusion in a rigid three-dimensional net- 
work. This conception is based on simple 
probability distribution arguments and on 
a random walk [26]. 

9.2.4 

Transition between Percolation and 
Diffusion Behaviors 

When physical motion is either nonexis- 
tent or much slower than electron hop- 
ping, charge propagation is fundamentally 
a percolation process, because the micro- 
scopic distribution of redox centers plays a 
critical role in dictating the rate of charge 
transport [27-29]. Any self-similarity of 
the molecular clusters between successive 
electron hops imparts a memory effect, 
making the exact adjacent-site connec- 
tivity between the molecules important. 

The redox species can move about their 
equilibrium position of the irreversible 
attachment with the polymer (in the three- 
dimensional network the redox species 
are either covalently or electrostatically 
bound), which is referred to as bounded dif- 
fusion. In the opposite extreme (free diffu- 
sion), rapid molecular motion thoroughly 
rearranges the molecular distribution be- 
tween successive electron hops, thus lead- 
ing a mean-field behavior. The mean-field 
approximation presupposes that k j > k e , 
and leads to Dahms-Ruff-type behavior 
for freely diffusing redox centers, but the 
following corrected equation should be ap- 
plied [28]: 

D = DabQ - x)f c + D e x (11) 

where .r is the fractional loading, which is 
the ratio of the total number of molecules 
to the total number of lattice sites. The 
factor (1 — jc) in the first term accounts 
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for the blocking of physical diffusion and 
f c is a correlation factor, which depends 
on x. When Dab becomes less than D e , 
percolation effects appear. If D e Dab 
a characteristic static percolation behavior 
(D = 0 below the percolation threshold 
and an abrupt onset of conduction at 
the critical fractional loading) should be 
observed. The mechanistic aspects of the 
charge transport can be understood from 
D versus x plots. When Dab is low, that is 
in the case of bounded diffusion, [27-29] 

D = D e x = k e 8 2 x 2 c/G (12) 

Thus D varies with x 2 , when the rate of 
physical diffusion is slow. 

In the case of free diffusion, the apparent 
diffusion coefficient becomes 

D = Dab f(X ~ x) (13) 

Accordingly D will decrease with x. 
This situation originates in the decreased 
availability of vacant sites (free volume) 
within the polymer film. When both 
electron-hopping and physical diffusion 
processes occur at the same rate (Dab = 
D e ), D becomes invariant with x. 

9.2.5 

Potential Dependence of Diffusion 
Coefficient 

In the simple models D e is independent of 
the potential because the effects of both 
the counterion activity and interactions 
of charged sites (electron-electron inter- 
actions) are neglected. However, in real 
systems, the electrochemical potential of 
counterions is changed as the redox state 
of the film is varied, the counterion pop- 
ulation is limited and interaction between 
electrons arises. The potential dependence 
of the electron diffusion coefficient can be 


expressed as follows [30]: 

T»e = M 2 {l + Ur 1 ^e-Z s r 1 

+g/k B rj.r e (l -*e)} (14) 

where x e is the fraction of sites occupied 
by electrons, z s and Zi are the charge of 
the sites and counterions, respectively, and 
g is the occupied site interaction energy. 
(The g parameter is similar to that of 
the Frumkin isotherm.) In the case of 
noninteracting sites (g = 0) and in the 
presence of large excess of supporting 
electrolyte (z s = oo), D e = k e 8 2 and is a 
diffusion coefficient. In general, D e is not 
constant as the potential, that is the film 
redox composition is changed. D e does 
not vary substantially with potential within 
the reasonable range of g and Zs (e.g., if 
g = 4, D e will only be doubled compared 
with its value at g = 0), and a maximum 
(if g > 0) or a minimum (if g < 0) will 
appear at the standard redox potential of 
the system. 

9.2.6 

Electronic Conductivity 

Electronically conducting polymers consist 
of polyconjugated, polyaromatic, or poly- 
heterocyclic macromolecules, and these 
differ from redox polymers in that the 
polymer backbone is itself electronically 
conducting in “doped” state. The term 
doping as it is often applied to the charging 
process of the polymer, is somewhat mis- 
leading. In semiconductor physics, doping 
describes a process when dopant species 
of small quantities occupy positions within 
the lattice of the host material, resulting 
in a large-scale change in the conductiv- 
ity of the doped material, as compared to 
the undoped one. The “doping” process in 



conjugated polymers is, however, essen- 
tially a charge-transfer reaction, resulting 
in the partial oxidation (or less frequently 
reduction) of the polymer. Although conju- 
gated polymers may be charged positively 
or negatively, the study of the charging 
mechanism has mostly been devoted to the 
case of p-doping. The electronic conduc- 
tivity shows a drastic change (up to 10-12 
orders of magnitude) from its low value for 
the initial (noncharged) state of the poly- 
mer corresponding to a semiconductor or 
even an insulator, to the values within 
1-1000 S cm -1 (even up to 10 5 S cm -1 
comparable to metals) [11, 14]. 

In general, the mobility of initial por- 
tions of the incorporated electronic charge 
is rather low. At higher charging levels 
the conductivity increases much more 
rapidly than the charge and then lev- 
els out, or even decreases. This onset 
of conductivity has been interpreted as 
an insulator-metal transition due to vari- 
ous electron-electron interactions [31, 32]. 
The temperature dependence of the con- 
ductivity in the highly charged state does 
not correspond in most cases to metallic 
type [33]. In conformity with quantum- 
chemical expectations the electron spin 
resonance (ESR) measurements demon- 
strated the presence of unpaired spins 
inside the polymer film. However, the 
spin concentration passes through a max- 
imum at a relatively low charging level, 
usually before the high conductivity in- 
crease, and then vanishes [34-38]. Various 
models have been developed to explain 
the mechanism of charge transport in 
conducting polymer film electrodes. Two 
extreme approaches exist. According to the 
delocalized band model, the charges and 
unpaired electrons are delocalized over a 
large number of monomer units [37-45], 
while in the chemical model, the charge 
is localized in the polymer chain [46], 
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or at most only some monomer units 
are involved. Because the approach as- 
suming localized charges does not differ 
essentially from that applied for redox 
polymers, and the semiconductor or one- 
dimensional metal models [32] have been 
generally accepted, we will deal with the lat- 
ter theories. Although the precise nature 
of charge carriers in conjugated systems 
varies from material to material, in gen- 
eral the following delocalized defects are 
considered: solitons (neutral defect state), 
polarons (a neutral and a charged soliton in 
the same chain, which are essentially sin- 
gle charged cation radicals at the polymer 
chain coupled with local deformations), 
and bipolarons (two charged defects form 
a pair, these doubly oxidized, spinless di- 
cations usually exist at higher charging 
levels) [32, 42-46], 

The macroscopic charge transport in a 
conducting polymer matrix represents a 
superposition of local transport mecha- 
nism. The intrinsic conductivity, which 
refers to the conduction process along 
a conjugated chain, can be described in 
terms of the band theory, which is well 
established for solid materials. Metallic 
conductors are characterized by either a 
partially filled valence band or an overlap 
between valence and conduction bands. 
Semiconductors and insulators possess a 
band gap between the top of the valence 
band and the bottom of the conduction 
band. The band gap energy is relatively 
small for a semiconductor but rather large 
for an insulator. The neutral (reduced, un- 
doped) polymer has a full valence and 
empty conduction band, separated by a 
band gap (insulator). 

Chemical or electrochemical doping (ox- 
idation and incorporation of counterions) 
results in the generation of a polaron level 
at midgap. Further oxidation leads to the 
formation of bipolaron energy bands in 
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the band gap. Electronic conductivity is ra- 
tionalized in terms of bipolaron hopping. 
Because the overall size of the polymer is 
limited, interchain electron transfer must 
also be considered. The intrachain conduc- 
tivity of the polymer is usually very high 
if the polymer chain is long, and contains 
no defects; therefore, in a good quality 
polymer, the interchain conductivity is rate 
determining [47]. (If the polymer morphol- 
ogy is fibrillar, the fiber-to-fiber electron 
transport may also be the most hindered 
process.) The essential aim is to synthe- 
size conducting polymers so that the mean 
free path is limited by intrinsic scattering 
events from the thermal vibrations of the 
lattice (phonons). One of the problems is 
that quasi-one-dimensional electronic sys- 
tems are prone to localization of electronic 
states due to disorder. In the case of elec- 
tronic localization, the carrier transport is 
limited by phonon-assisted hopping, ac- 
cording to the Mott model [48]. The Mott 
model of variable range hopping gives the 
following equation for the conductivity (a) 

a = o- 0 exp - (15) 

where oq and 7o are constants and y is a 
number related to the dimensionality (d) 
of the hopping process (y = (d + l) -1 ). 

The cro value depends on the electron- 
phonon-coupling constant, while To is in 
connection with the localized density of 
states near the Fermi level and the decay 
length of the wave function, respectively. 
It can be seen that conductivity increases 
with temperature in contrast to that of 
the metals. This type of conductivity 
behavior has been verified for many 
conjugated polymer systems. The problem 
of localization is less important if the molar 
mass of the polymer is high and only a few 
defects are present, as well as a relatively 
intense interchain coupling prevails. In 


this case the mean free path becomes 
quite large and it is determined by photon 
scattering as in true metals. Under such 
conditions the conductivity is high, and 
its value increases with the molar mass 
of the polymer and decreases with the 
temperature. 

The mechanism of fluctuation-induced 
tunneling is expected for the electrical 
conductivity if large regions of a highly 
conductive (“metallic”) phase in an inho- 
mogeneous material are separated from 
each other by an insulating phase. The lat- 
ter acts as a potential barrier. Due to the 
exponential dependence of the tunneling 
probability, tunneling will effectively occur 
only in the regions of closest approach of 
the metallic segments. 

The parabolic barrier approximation for 
the fluctuation-induced tunneling gives 
the following relationship in respect of 
the temperature dependence of conductiv- 
ity [49, 50]: 



where 7i and To parameters are in 
connection with the characteristics of 
the tunnel junction (its effective area, 
width, the height of the potential barrier, 
effective mass, and dielectric permittivity). 
For instance, the temperature dependence 
of the conductivity of polypyrrole has 
been analyzed by using this theory. On 
the basis of this analysis, an interesting 
conclusion has been drawn regarding 
the structure of the polymer, namely, 
the polymer consists of islands with a 
two-dimensional (macrocyclic) structure, 
which are connected (cross-linked) by one- 
dimensional polypyrrole chains [51]. 

The conductivity may depend on other 
factors, for instance, on the pH of the con- 
tacting solution (proton doping in the case 



of polyaniline) or on the presence of elec- 
tron donor molecules in the gas phase. 
The decrease of the pH of the solution in- 
creases the conductivity of polyaniline [39, 
52, 53], while the resistance of dry polyani- 
line or polypyrrole increases in ammonia 
atmosphere [54, 55]. The electron con- 
ducting polymers can easily be switched 
between conducting and insulating states, 
just by changing the potential, by elec- 
trochemical (or chemical) oxidation and 
reduction, respectively, or by varying the 
composition of the contacting fluid me- 
dia (H + - ion activity of the solution or 
the NH 3 , NO concentration in the gas 
phase). The variation of the resistance 
of polyaniline as a function of potential 
nicely demonstrates the conversion from 
the insulating to conduction state and vice 
versa (Fig. 3). This is a unique property 
in comparison with the majority of elec- 
tron conducting material (e.g., metals). 
When the oxidation state of the polymers 
is varied, not only is their conductivity 
altered, but other properties (e.g., color) 
also change. It is this very feature that 
can be exploited in many practical appli- 
cations [14]. The charging/discharging (or 


9.2 Electron Transport | 663 

redox switching) processes are usually fast, 
but their nature is rather complex. The 
steady-state cyclic voltammograms repre- 
sent in most cases a combination of broad 
anodic and cathodic peaks with a plateau 
of the current at higher potentials. It is 
illustrated in Fig. 4. The current is pro- 
portional to the scan rate, that is, from 
the electrical point of view, the film be- 
haves like a capacitor [56-62]. However, 
this simple result is the consequence of 
a complicated phenomenon, which in- 
cludes the faradaic process (generation 
of charged electronic entities at the poly- 
mer chains near the electrode surface by 
electron transfer to the metal), the trans- 
port of those species throughout the film, 
and the ion exchange at the film/solution 
interface (see mass changes during charg- 
ing/discharging cycles in Fig. 4). Despite 
the above mentioned quasiequilibrium 
character of the cyclic voltammetric curves, 
a pronounced hysteresis, that is, a consid- 
erable difference between the anodic and 
cathodic peak potentials, can be observed. 

Slow heterogeneous electron transfer, ef- 
fects of local rearrangements of polymer 
chains, slow mutual transformations of 
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Fig. 3 The changes of the resistance of a polyaniline film in contact 
with 1 M H 2 SO 4 as a function ofthe potential [53], 
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Fig. 4 (a) Cyclic voltammograms (two cycles) and (b) the simultaneously detected 

EQCM frequency changes for a polyaniline film (L = 2.9 pm) in contact with 1 M H 2 SO 4 . 
Sweep rate: 100 mV s _1 . 


various electronic species, phase transition 
of first order due to an S -shaped energy di- 
agram (e.g., due to attractive interactions 
between the electronic and ionic charges), 


dimerization, and insufficient conductivity 
of the film at the beginning of the anodic 
process, have been proposed as possible 
origins of the hysteresis [44, 53, 63-71]. 





9.3 

Ion Transport 

In the course of electrochemical oxidation 
or reduction of the surface polymer films 
or membranes, the overall electroneu- 
trality of the polymer phase is retained 
by ion-exchange processes between the 
polymer film and the bulk electrolyte so- 
lution [3, 72]. Not only has ion transport 
to be considered, but solvent and other 
neutral molecules may also enter or leave 
the film during the charging/discharging 
processes [73-78]. In order to maintain 
electroneutrality in the simplest case ei- 
ther counterions enter the film or coions 
leave it. The relative contributions of the 
ions carrying different charges to the over- 
all charge transport may depend on their 
physical properties (e.g., size) and/or on 
their chemical nature (e.g., specific in- 
teractions with the polymer), as well as 
on other parameters (e.g., potential) [1-4, 
73-92], 

There is a wide variation of the reaction 
schemes; however, most redox transforma- 
tions, including the participation of mobile 
ions of the contacting electrolyte, might be 
represented as follows: 

Reduction 

P + c~ + M+ > P-M+ (17) 

P T M + + e~ + M+ » P 2_ M+ 

(18) 

Dimerization and protonation may also 
occur: 


P + P'M+ 7 » P^M 4 ^ 

(19) 

2P-M+ 7 > P 2_ M+ 

(20) 

P'M+ + e~ + H+ 7 > PH~ 

_ M+ 


(21) 

P + 2e~ + 2H+ » PH 2 

(22) 
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where P is a polymer with reducible 
groups and M + is the counte- 
rion (cation). A typical example 
is poly(tetracyanoquinodimethane) [3, 75, 

80, 82]. For organic redox or con- 
ducting polymers, partly or wholly, the 
nine-member square scheme elaborated 
for the electrochemical transformation of 
quinones can be applied, because electron 
transfer is always coupled with protona- 
tion, depending on the pH of the contact- 
ing solutions. 

Oxidation 

P + X“ > P+X“ + e~* (23) 

where X - is a counterion (anion). 

(e.g., polyvinylferrocene [73, 74, 79]) 

P + X“ » P*X“ + (24) 

P^X - + X“ » P 2+ X^ + e~ (25) 

(e.g., poly(tetrathiafulvalene), dimeric 
species are also formed [81]). 

In the reactions (17-25) cations (M + or 
H + ) and anions (X - ) enter the film during 
reduction and oxidation, respectively. In 
some cases cations leave the polymer film 
during oxidation: 

M+[A(II)B(II)L 6 ] 2 - 
M + [A(II)B(III)L 6 r + M+ (26) 

(e.g., K+[Ni(II)Fe(II)(CN) 6 ] [85]) 

Oxidation of organic polymers is often 
coupled with deprotonation instead of 
or beside anion incorporation [3, 63]. It 
can be illustrated by the scheme of the 
redox transformations and protonation 
equilibria of polyaniline (Fig. 5). 

The results obtained by different tech- 
niques (radiotracer [80, 84], quartz crystal 
microbalance [73-76, 78, 83, 85-87, 90, 
92-110], probe beam deflection (PBD) 
[88-90], etc.) have revealed that the sit- 
uation may further be complicated. It has 
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Fig. 5 Scheme of redox transformations and protonation equilibria of 
polyaniline where L, E, P, LHg x , EHg x represent different oxidation and 
protonation states. L - leucoemeraldine, E - emeraldine, P - pernigraniline, 
LHg x - protonated leucoemeraldine, EHs x - protonated emeraldine forms. 


been found that the relative contribution 
of anions and cations to the overall ionic 
charge transport process depends upon 
several factors, such as the oxidation state 
of the polymer (potential) and the com- 
position of the supporting electrolyte as 
well as on the film thickness [3, 73-92]. 
The latter effect is shown in Fig. 6. These 
phenomena can be elucidated in terms of 
morphological changes, mobility of ions, 
interactions between the polymer and mo- 
bile species (ions and solvent molecules), 
size exclusion and so forth [73-117]. For 
instance, if large size counterions are 
used during the film deposition (elec- 
tropolymerization), mostly coion exchange 
can be found. In this case, the large, 
sometimes polymeric counterions, are 
trapped in the polymeric layer owing to 
strong van der Waals and electrostatic 
forces. 

The charge transport diffusion coeffi- 
cient that can be determined by transient 
techniques is characteristic of the rate- 
limiting step (which is either the electron 
or the ionic charge transport). How- 
ever, by appropriate experimental tech- 
niques, the decoupling of the electron 


and ion transport is possible; therefore the 
rate of the fundamental charge transport 
processes can be determined separately 
(see Sect. 9.8). 

The transport of ionic species can be de- 
scribed with the help of the Nernst-Planck 
equation. In the absence of mediated reac- 
tion, the convection term can be omitted, 
because any stirring of solution has no 
effect inside the film. At high concentra- 
tions, the fluxes have a more complicated 
form, owing to the upper limits on concen- 
trations and/or short-range interactions 
between the species. Because of the nonlin- 
ear character of the resulting equations, the 
solutions are usually obtained using vari- 
ous approximations. The Poisson equation 
is usually replaced by the local electroneu- 
trality condition, which is justified at a 
sufficiently large ratio of the film thickness 
to its Debye screening length and with a 
slow variation in potential. In the presence 
of excess supporting electrolyte, the migra- 
tion contribution to the flux may also be 
neglected. Diffusion-migration transport 
equations have been solved mostly for one- 
dimensional transport [3-5, 118, 119]. 
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Fig. 6 Effect of the thickness on cyclic voltammetric (a) and EQCM (b) responses 
of polypyrrole films. The thicknesses are (1 ) 0.1 4, (2) 0.48, and (3) 0.96 |tm, 
respectively. Solution: 1 M NaCI; v = 10 mV s _1 [83], 


9.4 

Coupling of Electron and Ionic Charge 
Transport 

Electronic and ionic charge transport pro- 
cesses are coupled by electroneutrality con- 
dition. This statement is valid for systems 


of different structures (e.g., uniform and 
porous films) as well as for different 
mechanisms of electronic charge transport 
(e.g., electron hopping between redox cen- 
ters, migration-diffusion transport of in- 
corporated electroactive component across 
the film or long-distance movement of 
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charged sites of the matrix); however, each 
case needs slightly different theoretical 
treatments and the experimental manifes- 
tation (e.g., in the steady-state or transient 
current) of this effect depends on other 
factors (e.g., on the concentration of back- 
ground electrolyte and charging level of the 
polymer) [120-135]. Typically, two mobile 
species are considered, assuming that a 
Donnan exclusion exists (i.e., coions do 
not participate in the charge transport). 
However, a theoretical model involving 
diffusion and migration charge transport 
mechanisms with three charge carriers has 
also to be developed [135]. A fundamental 
feature of all these analyses is that electron 
transport is not only driven by a concentra- 
tion gradient, but that migration also plays 
a role. It was recognized that the electron- 
hopping process cannot be described by 
the usual combination of the classical Fick 
and Nernst-Planck laws, when the effect 
of electric field is considered, but rather a 
second-order law should be derived from 
the bimolecular character of electron hop- 
ping, as opposed to the unimolecular 
character of ion displacement [136-145]. 
For systems in which the ratio of the oxi- 
dized and reduced forms is fixed and kept 
constant, that is the total charge of the re- 
dox species and hence the concentration of 
counterions are fixed, the theory predicts a 
maximum of the steady-state current (re- 
dox conductivity) near the formal potential 
of the redox couple. The current due to the 
electron hopping is higher than that in the 
absence of migration. The detailed analysis 
of the modified N ernst- Planck equation de- 
rived from the diffusion-migration model 
for coupled transport of the electronic and 
ionic charge carriers indicates that under 
both steady-state and transient conditions, 
migration always leads to an enhance- 
ment of the intersite electron hopping. 


and somewhat surprisingly the enhance- 
ment is getting higher as the mobility 
of the counterions decreases. Migration 
diminishes in all cases as the relative 
concentration of electroactive fixed coun- 
terions is increased (i.e., the fixed coun- 
terions play a role similar to that of the 
supporting electrolyte in solution studies). 
This is especially so when the diffusion 
coefficient of the mobile counterions is 
small compared to the diffusion coefficient 
for electron hopping. Another important 
result of this theory is that the charge 
transport diffusion coefficient, which can 
be determined by chronoamperometry, in- 
creases with the concentration of the redox 
species more intensively than predicted by 
the Dahms-Ruff equation [28]. (D varies 
proportionately to c 2 or even c 3 .) 

Besides the electric-field effects, the ion 
association within the polymer films plays 
an important role in the dynamics of elec- 
tron hopping within the films. (Extensive 
ion association might be expected due to 
the high ion content and the low dielectric 
permittivity that prevail in the interior of 
many redox polymers.) According to the 
model including ion association, the sharp 
rise in the apparent diffusion coefficient 
as the concentration of the redox couple 
in the film nears saturation is an expected 
consequence of the shifting of the ionic 
association equilibrium to produce larger 
concentrations of the oxidized half of the 
redox couple, which is well matched for 
rapid electron acceptance from the reduced 
half of the couple [146]. 

Ion association effect has been con- 
sidered also in the case of conducting 
polymers. It is assumed that ions inside 
the polymer films exist in two different 
forms. The bound or immobile ions are 
associated either with the neutral sites or 
with the charged sites of the polymer ma- 
trix. With the help of the assumption of 



the formation of bonds between the neu- 
tral sites and ions the splitting of the cyclic 
voltammetric curves and the minimum of 
the mass versus charge relationship can be 
explained [147]. 

The advanced models elaborated for the 
low-amplitude potential perturbation of 
metal/conducting polymer film/solution 
systems also take into account the different 
mobilities of electronic (polarons) and 
ionic species within the uniform film. 
An important feature of this approach 
is that the difference in the electric and 
ionic mobilities ( D e ^ D[) leads to a 
nonuniformity of the electric field inside 
the bulk film which increases as D e / D\ 
ratio increases and vanishes when D e = 
Di [120, 121, 124], 


9.5 

Other Transport Processes 

In addition to the counterions’ sorp- 
tion/desorption, the exchange of solvent, 
and in some cases that of the salt (acid) 
molecules between the polymer film and 
background electrolyte, is theoretically ex- 
pected and has indeed been found experi- 
mentally. 

9.5.1 

Solvent Transport 

The equilibrium distribution of neutral 
molecules depends on the difference of 
their standard chemical potentials in the 
polymer and solution phases, respectively. 
The free energy of transfer is higher, that 
is the sorption of neutral molecules in the 
polymer phase is larger, if the character 
of the neutral species and the polymer is 
similar [72]. For instance, more water will 
be incorporated in hydrophilic polymers 
containing polar groups. Because in many 
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cases a neutral polymer is converted 
into a polyelectrolyte as a function of 
potential, the partitioning of water into 
the polymer film will change during the 
charging/discharging processes. It may 
cause a swelling or deswelling of the layer. 

The extent of swelling is strongly affected 
by the electrolyte composition (both the 
nature and concentration of the electrolyte) 
and temperature [3, 72, 76, 77, 83, 148]. 

The expansion and contraction of the 
polymer network, which is in conjunction 
with the sorption/desorption of solvent 
molecules and ions, can be described in 
terms of mechanical work. This mechan- 
ical contribution should be considered in 
the calculation of the equilibrium elec- 
trode potential. The deformation which is 
coupled to the redox reaction, is elastic 
in nature. A plastic deformation occurs 
when a neutral, dry film is immersed 
in electrolyte solution and electrolyzed. It 
has been observed for a range of neu- 
tral polymer films freshly deposited on 
metal substrates by solvent evaporation 
technique that several potential sweeps 
are required for the films to become fully 
electroactive [3, 77, 80, 148, 149]. This phe- 
nomenon has been referred to as the 
break-in effect (Fig. 7). A secondary break-in 
effect may be observed when the film is in 
its neutral form for a longer period of time 
before a repeated charging process. Both 
break-in effects are attributed to the incor- 
poration of solvent molecules and ions into 
the film phase during electrolysis, as well 
as to potential-dependent morphological 
changes. The rate of the diffusive trans- 
port of solvent molecules depends on the 
structure of the polymer and the motion 
of polymer segments. In crystalline and 
cross-linked polymers or below the glass- 
transition temperature, the movement of 
the incorporating species may be rather 
slow. On the other hand, solvent molecules 
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act as plasticizers, and therefore increase 
the rate of diffusion for both neutral and 
ionic species inside the film. 

9.5.2 

Dynamics of Polymeric Motion 

The rate of chain and segmental mo- 
tions is of utmost importance since these 
processes may determine the rate of the 
diffusional encounter and consequently 
the rate of the electron transport process 
within the polymer film. Below the glass- 
transition temperature (T m ) the polymeric 
motion is practically frozen-in. Above T m 
the frequency of the chain and segmental 
motions strongly increase with tempera- 
ture [3, 150]. The plasticizing effect of the 


Fig. 7 Cyclic voltammetric break-in of a 
poly (tetracyanoquinodi methane) 
electrode. Electrolyte: 2.5 M LiCI. Sweep 
rate: 6 mV s -1 . (a) Consecutive cyclic 
voltammograms, (b) simultaneously 
obtained EQCM frequency curves [148], 

solvent enhances the rate of all kinds of 
motions in the polymer phase. At high 
electrolyte concentrations the ionic shield- 
ing of the charged sites of the polymer 
increases, and the polymer film will adopt 
a more compact structure. In this case 
the activity of the solvent is also low; 
consequently the film swelling is less [3, 
79, 148]. In the more compact struc- 
ture, the molecular motions become more 
hindered. Covalent or electrostatic cross- 
linking diminishes the rate of all of the 
physical diffusion processes. 

9.6 

Film Structure and Morphology 

In a general sense, the swollen poly- 
mer films can be considered as a poly- 
mer, polyelectrolyte gel [3]. Various mi- 
croscopic techniques have revealed a 
pronounced heterogeneity of the surface 
layer [151-159]. In this respect, one has to 
distinguish between macropores (whose 
diameter exceeds 10 nm considerably) 
and nanopores (which represent solvent 
molecules and ions between the poly- 
mer chains). Inside the macropores, the 
thermodynamic and transport properties 
of ions and solvent molecules practically 
do not differ from that of the contacting 
bulk solution. The space-charge regions 
(electric double layers) are formed at the 
interface between the polymer and solu- 
tion phases whose thickness is much lower 
than the characteristic sizes of macroele- 
ments (fibrils, grains, and pores). The 




polymer phase itself consists of a poly- 
mer matrix with incorporated ions and 
solvent molecules which do not form a sep- 
arate continuous phase. Strong coulombic 
attractions between electronic and ionic 
charges prevent their separations at the 
distance significantly exceeding the De- 
bye screening length of the medium 
(caO. 1-0.3 nm in charged state). There 
are three principal approaches to model- 
ing the structure of the polymer phase [14, 
125]. One may consider a uniform, homo- 
geneous film [72, 120-122, 125, 139], or a 
porous medium [43, 59, 160- 164] or an in- 
homogeneous homogeneous phase where 
the properties of the first layer differ from 
those of the bulk film [165, 166]. In the 
case of uniform films, the polymer phase 
contains macromolecules, ions, and sol- 
vent molecules. In equilibrium, its state is 
determined by the equality of the electro- 
chemical potentials for all mobile species 
in each adjoining phase. Both electronic 
and ionic species participate in the forma- 
tion of the space charges at the interfaces 
with the surrounding media, metal and 
solution, respectively. The electroneutral- 
ity condition prevails inside the film and 
a small disbalance of the charge related to 
the electric double-layer species inside the 
metal or the solution parts of the interfaces 
is only assumed. The overall electrode 
potential represents a sum of two inter- 
facial contributions corresponding to the 
metal/polymer and polymer/solution in- 
terfaces. The potential distributions across 
the metal/film/solution depend on the 
electrolyte concentration and the partition- 
ing equilibrium. At sufficiently high con- 
centrations of coions inside the film, the 
potential drop at the polymer/solution in- 
terface is almost constant. In the opposite 
limiting case, the potential profile shows 
a gradual transformation as a function 
of charging level and the potential drops 
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vary at both interfaces [72]. This model 
considers diffusion-migration transport of 
electronic and ionic charge carriers in a 
uniform medium, coupled with a possibly 
nonequilibrium charge transfer across the 
corresponding interfaces at the boundaries 
of the film. 

An extension of the uniform model 
is the inhomogeneous homogeneous 
model [165, 166] where, due to the strong 
interaction between the adsorbed polymer 
molecules and the metal substrate (the 
nature of the metal and its surface ge- 
ometry may play an important role) the 
properties of this layer are different from 
the rest of the film. It can be described 
formally by the introduction of an adsorp- 
tion pseudocapacitance and a resistance 
connected with the charging/discharging 
process within the first layer of the film at 
the metal interface. 

The alternative approach, the porous 
medium model [43, 59, 160-164] sepa- 
rates polymer chains and ions + solvent 
molecules, respectively, into two differ- 
ent phases. Physically, it represents a 
porous membrane, which includes a ma- 
trix formed by the polymer and pores filled 
with electrolyte. Therefore, this macro- 
scopically homogeneous two-phase system 
consists of an electronically conducting 
solid phase and an ionically conducting 
electrolyte phase. The transport properties 
of ions and solvent molecules in this phase 
may significantly differ from those in bulk 
electrolyte solutions. Each of these phases 
has specific electric resistivities (they may 
be inhomogeneous), and the two phases 
(i.e., these resistivities) are interconnected 
continuously by the double-layer capac- 
itance at the surface between the solid 
phase and the pores. A further intercon- 
nection results from the charge transfer at 
the surface of the pores. There is also an 
electron exchange between the regions in 



672 | 9 Charge Transport in Polymer-modified Electrodes 

the polymer having different degrees of ox- 
idation. Despite seemingly opposite ways 
of describing the polymer phase in these 
approaches, the results concerning the re- 
sponses to dc and ac perturbations turned 
out to be often similar or even identical. 

Porosity effects in the charging process 
have been implicated for a long time in the 
discussion of the faradaic and capacitive 
contributions to the current, especially 
in the case of electronically conducting 
polymers. For instance, peaks of the 
cyclic voltammograms are attributed to the 
faradaic process, while the plateaus of the 
current are considered as the indication of 
the capacitive term [58, 61, 66, 167-171]. 
However, this straightforward analogy to 
the metal/solution interface does not work 
in reality; the obviously faradaic process of 
redox transformation of the redox species 
in the surface layer does not lead to a direct 
current, unlike similar reaction for solute 
species. 

9.6.1 

Thickness 

According to the theory of the metastable 
adsorption of de Gennes [172], when an 
adsorbed polymer layer is in contact 
with a pure solvent, the layer den- 
sity diminishes from the substrate (e.g., 
metal) surface. The behavior of several 
polymer film electrodes (e.g., poly(tetra- 
cyanoquinodimethane) [173], polyvinyl- 
ferrocene) [21, 92], polypyrrole [174], and 
polyaniline [37, 175]) has been explained 
by the assumption that the film density de- 
creases with the film thickness, that is from 
the metal surface to the polymer/solution 
interface. During electropolymerization 
(e.g., in the case of polyaniline) first, 
a compact layer (thickness L ~ 200 nm) 
is formed on the electrode surface via 
a potential-independent nucleation and a 


two-dimensional (2-D, lateral) growth of 
polyaniline islands. In the advanced stage 
1-D growth of polymer chain with continu- 
ous branching leading to an open structure 
takes place [176, 177]. 

9.6.2 

Synthesis Conditions, Nature of Electrolyte 

In the synthesis of polypyrrole, the cur- 
rent density is a crucial parameter. At low 
current densities, the structure of polypyr- 
role is dominated by one-dimensional 
chains, while at high current densities 
two-dimensional microscopic structures of 
the polymer are formed. The higher con- 
ductive 2-D islands are interconnected by 
short 1-D chain segments acting as tun- 
neling barriers [51]. Although the region 
close to the electrode surface shows a 
more or less well-defined structure, in 
general, the polymer layer can be con- 
sidered an amorphous material. However, 
there are reports on crystalline structure, 
too. For instance, poly(p-phenylene) films 
obtained by electrooxidation of benzene 
in concentrated H2SO4 emulsion show a 
highly crystalline structure [178]. Higher 
electronic conductivity has been achieved 
by template synthesis, using polycarbonate 
membranes and this method can be ex- 
ploited to obtain nanostructures [179, 180]. 

The film morphology (compactness, 
swelling) is strongly dependent on the 
composition of the solution, notably on 
the type of counterions present in the 
solution used in the course of electrode- 
position, and the plasticizing ability of 
the solvent molecules. For instance, in 
the case of polyaniline BF]j[, ClO^ and 
FjCCOO~ promote the formation of a 
more compact structure, while the use of 
HSO^ , NO]]" or Cl - results in a more 
open structure [63, 76, 152, 181]. Simi- 
larly, poly(vinylferrocene) is more swollen 
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Fig. 8 Cyclic voltammograms of a 
poly (tetracyanoquinodi methane) 
electrode (F = 13 nmol crrF 2 ) in 
contact with lithium-chloride solution at 
different concentrations: (1) 0.625, 

(2) 1.25, (3) 2.5, (4) 5.0, and 

(5) 10.0 mol dm -3 . Sweep rate: 60 mV 

s- 1 [77], 

in the presence of NOJT ions than in 
ClO^ -containing electrolytes. It can be ex- 
plained by the higher formation constant 
of ion pairs between the oxidized sites 
and the ClO^ ions compared with NO^" 
ions. This conclusion is in accordance 
with the higher positive formal potential 
of ferrocene/ferricenium redox couple in 
NaNC >3 solutions compared with NaClC >4 
electrolyte. The higher swelling reflects the 
more extensive interaction between water 
and the charged ferricenium sites in the 
presence of NO^ containing, than in ClO^ 
-containing, electrolytes [74, 92). 

9.6.3 

Effect of Electrolyte Concentration and 
Temperature 

The swelling and shrinking of a polyelec- 
trolyte gel are strongly affected by the 
concentration of the contacting electrolyte 
solution and temperature [3, 73, 74, 77, 
83]. Thermodynamical theory that consid- 
ers three contributions to the free energy 
of the gel (i.e., mixing of constituents, net- 
work deformation, and electrostatic inter- 
actions) predicts a gel shrinkage as the salt 
concentration is increased or temperature 
is decreased [182]. Usually, the shrinking 
process occurs smoothly, but under certain 
conditions, the process becomes discon- 
tinuous, and a tiny addition of salt leads 
to the collapse of the gel that is a dras- 
tic decrease of the volume to a fraction of 



its original value. The onset of shrinking 
and swelling substantially depends on 
temperature. This phenomenon is akin to 
thermodynamic phase transitions in other 
branches of physical chemistry. The abrupt 
deterioration of the charge transport 
rate in poly(tetracyanoquinodimethane) or 
poly(vinylferrocene) films at high elec- 
trolyte concentrations (10 mol dm -3 LiCl 
or 5 mol dm -3 CaCh) and its tempera- 
ture dependence can be interpreted on 
the basis of the thermodynamical the- 
ory [77, 79], In a more compact structure, 
the rate of electron hopping may in- 
crease since the concentration of redox 
sites is high; however, simultaneously, 
a deterioration of the film permeability 
concerning the counterions due to the 
decrease of the free volume is expected. 
The maximum observed in the peak cur- 
rent versus salt concentration curves is 
the result of the balanced effects of the 
enhanced electron-exchange process and 
the hindered counterion motion (Fig. 8). 
The abrupt change in the free volume of 
solvent-filled cavities causes a sharp de- 
crease in the charge transport diffusion 
coefficient [3]. 
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9.7 

Relaxation and Hysteresis Phenomena 

Owing to the long relaxation times 
characteristic of polymeric systems, the 
equilibrium or steady-state situation often 
has not been reached within the timescale 
of the experiment. Figure 9 shows the 
changes of the resistance of polyaniline 


after potential steps. It can be seen that 
the achievement of a constant resistance 
value takes a rather long time, es- 
pecially during conducting-to-insulating 
transition. Consequently, even slow sweep 
rate cyclic voltammetry does not supply 
reliable thermodynamic quantities, which 
can otherwise be derived by analyzing 
the changes in the peak potentials. The 




(b) [seconds] 

Fig. 9 The current transients and the respective resistance-time curves obtained for a 
polyaniline film following potential steps (a) from 0.2 to 0.1 5 V and (b) from 0.15 to 
0.2 V. Solution: 2 M H 2 S0 4 [53], 





manifestation of the polymeric nature of 
these systems is most striking in the 
relaxation phenomena, which are in con- 
nection with the changes of the conditions 
(potential, temperature, etc.) and appear in 
different effects, such as hysteresis, “first 
cycle” and memory effects [45, 53, 63, 69, 
77, 183-189]. 

The first cycle or waiting time effects (the 
shape of the cyclic voltammograms and the 
peak potentials depend on the delay time at 
potentials where the polymer is in its neu- 
tral (discharged) state - see also secondary 
break-in) have been interpreted in terms of 
slow morphological changes and/or with 
the difficulty of the removal of the remain- 
ing charges from an insulating surround- 
ing [183, 188]. It should be mentioned that 
this problem also arises in the case of redox 
polymers [77, 79-82]. The results of fast 
scan rate voltammetry, chronoamperom- 
etry, and chronopotentiometry have been 
explained also by a model assuming an in- 
stantaneous two-dimensional nucleation 
and the growth of conducting zones and 
it has been concluded that the oxidation 
and reduction must proceed by different 
pathways and involve different degrees of 
disorder [63]. The slow change of the local 
pH has also been accounted for [188]. For 
the conducting-to-insulating conversion, 
the slow relaxation effect has been inter- 
preted within the framework of percolation 
theory [184, 185] and by the electrochemi- 
cally stimulated conformational relaxation 
(ESCR) model [69, 187], respectively. Both 
theories predict a logarithmic time de- 
pendence. The percolation theory assumes 
that the slow relaxation after rapid conduct- 
ing-insulating conversion is composed 
of three interrelated processes: statisti- 
cal structure formation, random fluctua- 
tion, and electron transfer. Accordingly, 
the rate-determining step is either the 
electrochemical reaction that occurs in 
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electrode-percolated conducting clusters 
or the random rearrangement of conduct- 
ing clusters by electron-exchange reaction 
between conducting and insulating species 
and/or diffusion of polymer chain. The rate 
of the conducting-insulating conversion 
suddenly slows down at the percolation 
threshold. The ESCR model assumes that 
two main processes are operative, con- 
cerning the kinetics of the redox switch- 
ing of conducting polymers. The first is 
the charging -discharging process that in- 
cludes the electronic and ionic charge 
transport. The second is the induced con- 
formational change of the polymer that 
affects the rate of the electrochemical 
transformation and due to the slowness of 
the relaxation of the polymer this process 
may last much longer than the actual oxida- 
tion or reduction process. The latter model 
was used to describe the redox switching 
of polypyrrole, where an extensive volume 
increase occurs during oxidation. An extra 
mechanical energy has been taken into ac- 
count that is needed to open the originally 
compact structure. The hysteresis effect 
has been explained by the difference in the 
oxidation and reduction sequences (see 
Figs. 3 and 9). The hysteresis effect and 
the non-Nernstian behavior for polyaniline 
have also been elucidated with the help 
of the polaron models, considering that 
the formation energies of both polarons 
and bipolarons increase with an increasing 
degree of oxidation [43, 44]. A first-order 
phase transition due to an S-shaped en- 
ergy diagram that is in connection with 
attractive interactions between electronic 
and ionic charges has also been pro- 
posed [186], The hysteresis phenomenon 
has also been explained by the stabilization 
of the oxidized polymer molecules, consid- 
ering that the originally twisted, benzoid 
conformation is transformed into a more 
planar, quinoid-like structure with better 
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n -conjugation which, therefore, can be 
reduced at lower potentials (with lower en- 
ergy). The planarization of the twisted seg- 
ments within a chain takes place in the first 
stage of the charging process and due to the 
interactions between the n -electron clouds 
of the neighboring charged segments an 
intermolecular stabilization can also occur. 
Intermolecular interactions are favorable 
in the crystalline domains of the polymer. 
It is assumed that the stabilization process 
is fast [66]. Recently, even an intermolecu- 
lar coupling of two n -radical centers form- 
ing a er-bond and the dimerization and 
disproportion of the polaronic segments 
have been proposed [67, 68]. It is worth 
mentioning that the considerable differ- 
ence between the anodic and cathodic peak 
potentials of cyclic voltammograms in the 
case of polytetracyanoquinodimethane re- 
dox electrode has been explained by the 
formation of dimeric species, that is, a 


slow formation of mixed valence dimer 
during reduction (charging) and fast reox- 
idation of dimer dianion resulting in the 
mixed valence dimer during the discharg- 
ing process [77, 82]. The shielding effects 
of the counterions may also contribute to 
the overall stabilization energy. 

While the effect of the potential- 
induced relaxation phenomena has 
been extensively studied, fewer efforts 
have been made concerning the tem- 
perature effect. A notable exception 
is a temperature shock experiment 
on poly(tetracyanoquinodimethane) elec- 
trode. It was found that when the electrode 
returned from an elevated temperature to 
room temperature, a relatively long time 
(> 30 minutes) was needed to restore the 
original voltammetric response character- 
istic for room temperature as seen in 
Fig. 10. Apparently, the polymer adopts 
an extended, perhaps solvent, swollen 



Fig. 10 Cyclic voltammograms obtained for 
poly(tetracyanoquinodimethane) electrode in contact with 10 M 
LiCI at (1) 69 °C and (2-6) after rapid cooling at 22 °C recorded 
after delays of (2) 4, (3) 9, (4) 13.5, (5) 22.5, and (6) 38.5 
minutes [77], 




conformation at the elevated temperatures 
that requires a long time for the restoration 
of the room temperature structure [77]. 
Such behavior is observed in the stud- 
ies of polymer gels, when the variation 
of temperature results in the hysteresis of 
macroscopic polymer properties such as 
swelling, elasticity, turbidity, and so forth. 


9.8 

Measurements of the Rate of Charge 
Transport 

The rate of charge transport within an elec- 
trochemically active polymer film has been 
successfully studied by transient electro- 
chemical techniques. One may distinguish 
methods using large and small potential or 
current perturbations, respectively. For the 
basic characterization cyclic voltammetry, 
potential (less often current) step and pulse 
techniques have been applied [1-10]. With 
the help of these techniques, average val- 
ues for the charge transport diffusion 
coefficient can be obtained, since the prop- 
erties of the polymer continuously change 
and large amounts of ions and/or sol- 
vent molecules are exchanged between 
the polymer phase and the bulk solu- 
tion during the experiments. Owing to the 
marginal perturbation from equilibrium 
(steady state) by low-amplitude (<5 mV) 
sinusoidal voltage, the advantage of elec- 
trochemical impedance spectroscopy (EIS) 
over other techniques involving large per- 
turbations is evident [3, 4, 35-37, 43, 59, 
100, 118-135, 139, 152-156, 160-167, 
190, 191]. For instance, even the poten- 
tial dependence of the charge transport 
diffusion coefficient can be determined, 
which may reveal the nature of charge car- 
riers and interactions within the film. In 
addition, it gives a wealth of information 
on the kinetic processes occurring in these 


9.8 Measurements of the Rate of Charge Transport | 677 

systems, as well as on ohmic resistance, 
double-layer and redox capacitances. 

Most of the studies have been carried 
out on asymmetrical systems (cells) which 
is the classical polymer film electrode 
arrangement: 

reference electrode | electrolyte 

solution | polymer film|inert metal. 

This type of electrode involves the 
transport of electrons through the inert 
metal | polymer interface and ions through 
polymer | electrolyte interface, respectively. 

With the help of symmetric arrangements 

reference electrode | electrolyte | 
polymer membrane | electrolyte | 
reference electrode 

or 

inert metal | polymer film | inert metal 

either ion transport (electron transport 
across both interfaces is blocked) or elec- 
tron transport (ion transfer at both inter- 
faces is blocked) can be studied separately, 
provided there are no redox ions present 
in the electrolyte solutions. The study of 
a given system by using the combination 
of these three arrangements is extremely 
effective, because the frequency analysis 
provides information on both types of 
transport [120, 123-125, 191]. 

Radiotracer technique [62, 77, 80, 84] is 
well suited to the investigation of the mo- 
tion of counterions and coions coupled 
to the electron-transfer and transport pro- 
cesses, and offers the opportunity of study- 
ing the attainment of equilibrium and 
steady states in regard to the sorbed ions 
at any potential that is at any ratio of oxi- 
dized and reduced sites in the film, without 
disturbing the original experimental con- 
ditions. Piezoelectric microgravimetry at 
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electrochemical quartz crystal microbal- 
ance (EQCM) with nanogram sensitivity 
has also emerged as an important tech- 
nique for monitoring the surface mass 
change [73-77, 83, 85-87, 90-110, 148, 
149, 189, 192, 193]. A comparison of 
the change of the surface mass with the 
charge consumed in the course of the re- 
dox transformations may shed light on the 
mechanism of the electrochemical reac- 
tions. It may supply information also on 
the sorption of neutral species and pro- 
tonation equilibria. Conclusions can be 
drawn concerning the relative contribu- 
tion of different anions and cations to the 
overall ion-exchange process, as well as the 
rate of the mass transport processes. 

PBD involves the measurement of 
the deflection of a light beam, aligned 
parallel to the electrode surface [88-90, 
194]. This in situ method is also a very 
convenient tool for the study of ion 
transport and reaction mechanism. The 
deflection is not significantly perturbed 
by solvent transfer between the polymer 
film and the solution. The combination 
of radiotracer and EQCM or EQCM 
and PBD techniques is especially useful 
because it allows access to individual ion 
and solvent flux contributions to mass 
transport dynamics [90]. 

In situ conductivity measurements [52, 
53, 164, 189, 195-202], luminescence 
techniques [203], different spectroscopies 
in combination with electrochemical 
methods [35-39, 82, 114, 115, 153-156, 
204-208], and surface plasmon reso- 
nance [209] have also supplied valuable 
information about the ionic and elec- 
tronic charge-transfer and charge trans- 
port processes. Microscopies have given 
new insights into the structure and mor- 
phology of surface polymer films, as well as 
their changes with the experimental condi- 
tions [151-159, 210-218]. The successful 


application of scanning electrochemical 
microscope for in situ determination of 
film thickness is also a very impor- 
tant achievement, because it allows the 
extraction of correct D values from the 
D x ^c products [207, 208]. This method 
is more straightforward than ellipsome- 
try [113, 175, 219, 220], where the refractive 
index must be available, or profilometry, 
which is not applicable to easily deformed 
films. 

In summary, the application of new and 
powerful techniques has allowed a detailed 
insight into the nature of the charge 
transport and charge transfer as well as 
of the chemical and physical processes 
occurring in these systems. Therefore, 
the production of electrochemically active 
polymers, polymeric films, and composites 
with desired properties, has become a well- 
established area of electrochemical and 
material sciences. Considering the pace of 
the ever-growing applications of polymers 
in electrochemical cells, it may be declared 
that electrochemistry is in transition from 
the bronze age (i.e., typically using metals) 
to the era of polymers. 
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10.1 

Oxygen Electrocatalysis 

Nagao Kobayashi 

Tohoku University, Sendai, Japan 

To date reported oxygen electrocatalysis 
has been carried out mostly in the 
presence of metallomacrocycles such as 
metalloporphyrins and phthalocyanines, 
and is important in several aspects. In 
particular, oxygen reduction using these 
complexes has two important applications. 
First, as a model reaction of cytochrome 
oxidase, which reduces oxygen to water 
at the end of the respiratory chain, and 
second, as an attractive candidate for the 
cathode reaction of a fuel cell. On the 
other hand, electrocatalytically activated 
oxygen has often been used for the 
oxidation, and in particular, epoxidation of 
organic molecules. In this section, oxygen 
electroreduction itself in the presence of 
iron, cobalt, manganese, and a few other 
metalloporphyrins and phthalocyanines is 
mainly described, and then some examples 
of oxidation reactions of organic molecules 
are briefly stated. 

First, we have to understand the O 2 
molecule and why its interaction with 
transition metals is important in O 2 
electrocatalysis. In the ground state, the 
16 electrons of the O 2 molecule are 


distributed over its molecular orbitals 
according to 

(CTgls) 2 (u*ls) 2 (ff g 2s) 2 (a*2s) 2 
x (cr g 2p x ) 2 (7r u 2p y z ) 4 (?Tg 2p y z ) 2 , 

which is a 3 E" state with bond or- 
der 2. The 0—0 bond strength corre- 
sponds to AHp(298 K) = 498.7 kj mol -1 , 
and this rather high bond strength (com- 
pared to —334 kj mol -1 for the C— C and 
— 431 kj mol" 1 for the C— FI bonds) im- 
plies that one of the impediments in 
oxygen reduction is the breaking of the 
0-0 bond. The other possible first step 
is the transfer of the first electron, that 
is, 02 + e“^ 02 , which is energeti- 
cally unfavorable (AG° = 31.8 k J mol -1 , 
E° = —0.33 V [1]) and is accordingly slow 
as well. The task of the electrocatalytic 
system is therefore to promote these two 
reactions. Since the ground state is triplet, 
there is a fundamental restriction on its 
reactivity with general molecules that are 
singlet in the ground state. However, this 
spin restriction can be removed by co- 
ordination with a transition metal center 
that has unpaired electrons, which is why 
transition metal compounds have been ex- 
tensively used in electrocatalytic reactions 
of oxygen. Possible interactions between 
oxygen and substrates, that is, metals in 
this case, can be expressed by the following 
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„ „ „ „ O F'g- 1 Interactions of oxygen 

0=0 0—0 q/ O — O with a metal. 

M M li M M 

Side-on ^ Bridge 

End-on 


(a) 



Side-on interaction 


Fig. 2 Orbital overlap in 

(a) side - on and (b) end - on 

interaction. 



(b) End-on interaction 


molecular orbital description. (1) A bond- 
ing interaction, caused by overlaps of the 
occupied jr„2p orbital of O 2 and empty 
orbitals of the substrate, which weaken 
the 0—0 bond and alter the electron den- 
sity in O 2 . (2) A back-bonding interaction, 
caused by overlap of occupied orbitals of 
the substrate and the partially occupied an- 
tibonding 7 x g * 2p orbital of oxygen, which 
will function mainly to reduce the bond 
order of 02 . 

These interactions can be visualized 
using three models (Fig. 1). In the side- 
on model, both the bonding and back- 
bonding interaction occur (Fig. 2a) and 
weaken the 0—0 bond and an increment 
in length of this bond. 

This type of binding, however, has 
no activity for the electroreduction of 
oxygen. The end-on binding (Fig. 2b), 
first proposed by Pauling [2], is likely to 
occur on transition metal electrocatalysts. 
As seen in this figure, transition metals 
with occupied dxz and d yz orbitals and an 


empty d x orbital are able to have the most 
effective interaction; that is, a bonding 
overlap of jt* and d?: cr(7z u -*■ d z ) and 
a back bonding overlap of n* with the 
degenerate d xz , yz orbitals: 7r(d xz , yz ->■ jt*). 
This interaction is frequently thought to 
give a superoxo (O^ - ) ligand by partial 
charge-transfer from the metal to the 
O 2 molecule [3]. The bridge model [4], 
which may occur on bimetal complexes 
with a macrocyclic ring, provided the 
spacing of the metal atoms is correct [5, 
6 ], involves similar electronic interactions, 
where the O 2 molecule interacts with two 
metal centers simultaneously and equally. 
When the electrocatalyst functions first to 
form the superoxide ion, , the main 
reaction product may be either H 2 O 2 
or H 2 O; while when the rupture of the 
0—0 bond is catalyzed first, the product 
is H 2 O only. The latter is known as a 
direct four-electron process: reaction (1) in 
Fig. 3. When H 2 O 2 is produced as an 
intermediate, the reaction is termed a 
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Fig. 3 Reduction of oxygen in 

protic media. | — j^r pjr y 

o 2 h,o 2 -Vh 2 o 

4 4 

(4) 






Fig. 4 Representative skeletal structures of the catalysts used for 
0 2 - electroreduction. 


consecutive or peroxide pathway, or simply Figure 4 shows the representative skele- 
2 + 2 process: reaction (2) followed by tal structures of catalysts used for the elec- 
either reaction (3) or (4) in Fig. 3. troreduction of oxygen. Compounds with 
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four nitrogenous ligands (N 4 - ) have exhib- octaethylporphyrin, IrOEP, has ex- 
ited activity and stability greater than those ceptionally high catalytic activity [18], 

with N 2 O 2 , N 2 S 2 , O 4 , and S 4 chelates [7]. being the best catalyst reported to 

Of these, by far the most important date. This achieved a four-electron re- 

are the porphyrins (Ps), phthalocyanines duction without producing H 2 O 2 at 

(Pcs), and dihydrodibenzotetraazaannu- 0.72 V versus NHE at pH 1. Apart 

lenes (TAAs) with the most common from this, however, it is generally 

central metal ion (M) being iron, cobalt, accepted that Co and Fe have the high- 

or manganese for the reasons mentioned est activity [7-16, 19-61], although 

earlier (when incorporated in macrocycles, for some compounds Fe is better, 

these metals are present either as a diva- while for others Co is superior. Man- 

lent or trivalent ion). Several reviews have ganese [17, 25, 62, 63], ruthenium [17, 

been published on the electroreduction of 64], rhodium [17, 25, 65], platinum [ 66 ] 

oxygen using these macrocycles from the are a ls° highly active, and, in partic- 

1980s [7-16]. According to these, there are ular, the latter two compounds can 

various factors affecting the catalytic activ- produce water as a result of four- 

ity of monomeric catalysts, as follows in electron or two two-electron reduction 

order of importance. via H 2 0 2 . Other metals such as Cu, Ni, 

Al, Cr, Sn, Ga, Sb, Na, Zn, Ag, Pd, Zn, 
(1) The nature of the central metals. In and the vanadyl ion have little catalytic 

this respect, what we call, a volcano- activity [7, 17, 25]. 

shaped relationship (Fig. 5) between (2) The structure of the macrocyclic 
oxygen reduction activity and redox compounds. The N 4 chelates have the 

potential of the central metal ion highest activity. Compared with ph- 

(Mt(II/III)) is known [17]. Although thalocyanines, porphyrins have higher 

iridium tetraphenylporphyrin, IrTPP, activity in terms of the reduction 

was thought to be the best catalyst, potential, that is, O 2 is reduced at 

it was proven later that iridium higher potential when porphyrinic 
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Fig. 5 Q ualitative representation of the 
volcano-shaped relationship between 
oxygen reduction activity and redox 
potential of the central metal ion 
(redrawn from ref. 1 7). 



macrocycles are used [7-16], Electron- 
donating substituents increase the 
catalytic activity significantly, and in 
this respect, data on cobalt com- 
plexes are particularly interesting. 
Cobalt complexes generally catalyze 
only from O 2 to H 2 O 2 . However, 
a four-electron reduction to water is 
achieved when methyl groups are 
attached at the para positions of 
the phenyl groups of tetraphenylpor- 
phyrin [61], or when four Ru(NH 3 ) 5 2+ 
cations are coordinated to the 
para positions of meso-tetrakis(4- 
pyridyl) porphyrin [67] or cyano groups 
of tetrakis(p-cyano)phenylporphyrin 
[68]. In these cases, the electron density 
at the central cobalt is increased, either 
by intramolecular electron transfer or 
tv -back-bonding interactions, thereby 
facilitating the electron transfer from 
Co to O 2 . In the case of CoPcs, a 
four-electron reduction was attained 
using a plurality CoPcs linked by 
CN groups [69] and by CoPc contain- 
ing eight carboxyimide groups on the 
periphery [54]. In the case of iron por- 
phyrins, it is known that the amount of 
adsorbed porphyrin required to attain a 
four-electron reduction decreases sig- 
nificantly with increasing number of 
amino groups at the para positions of 
tetraphenylporphyrin [70]. 

(3) Polymerization of the catalyst it- 
self or incorporation of the catalyst 
in polymers such as polypyrrole or 
polystylene often improves the activ- 
ity [47, 71]. 

(4) Thermal treatment of the modified 
electrode. Catalyst performance can 
be improved by thermal treatment 
of the catalyst-modified electrode in 
an inert atmosphere [12, 21, 46, 72]. 
The treatment temperature differ from 
species to species, but in many cases. 
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degradation of macrocycles starts to 
occur at 800-900 °C. The heat-treated 
catalysts are believed to be particularly 
effective as peroxide elimination cata- 
lysts in alkaline solutions. 

The factors described earlier are for 
monomeric catalysts; however, dinuclear 
acatalysts have often been found to be 
better catalysts [5, 6, 73]. For cofacial 
diporphyrins, the following combination 
of metal centers were examined: Co— Co, 

Co— Cu, Co— Fe, Fe— Fe, Fe— H 2 . For a 
Co— Co combination, O 2 was reduced to 
H 2 O without the release of H 2 O 2 at 
an acidic pH of less than 4 when the 
bridge connecting the two porphyrin rings 
consisted of only four atoms, or when the 
bridge was 1,8-anthracene or diphenylene. 

In the absence of O 2 , the Co(III/II) redox 
couple was split into two potentials. In the 
presence of O 2 , O 2 reduction was observed 
at slightly positive potentials where the 
second Co is reduced from Co(III) to 
Co(II). The Co— Cu diporphyrin catalyzed 
the reduction to only H 2 O 2 but no further. 

The other Co— Fe, Fe— Fe, Fe— H 2 catalysts 
all exhibited reduction pathways leading 
to both H 2 O 2 and H 2 O. In the case of 
Co— Co complexes, two cobalt centers were 
proposed to be positioned so that a /x- 
peroxo complex could be formed. 

Reaction mechanisms differ from sys- 
tem to system, but in most of the cases 
when the catalysts were dissolved in 
solution they were not adsorbed onto 
electrodes, and in some cases in catalyst- 
adsorbed systems, many monomeric iron 
and cobalt systems were explained by 
an electrochemical catalyst regeneration 
mechanism, where the catalyst was first 
reduced, and this reduced form of the 
catalyst reacted with oxygen [16, 22, 24, 

27, 30, 31, 38, 39, 44, 49, 57, 62, 64]. 
When the iron catalyst-adsorbed electrodes 
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were used, the reduction of O 2 is some- 
times shifted to potentials much more 
positive than the formal potential of the 
Fe(III/II) couple of the dissolved iron cat- 
alysts [33], This positive shift has been 
reasonably explained by a positive shift 
in formal Fe(III/II) potential, conjectured 
to be caused by back bonding from Fe(II) 
to the unsaturated surface ligand of elec- 
trodes such as carbonyl-like groups [52]. A 
redox mechanism is also reported in many 
adsorbed systems [4, 7-10, 34]. In this 
mechanism, the central metal atom of the 
electrocatalysts releases an electron to the 
adsorbed reactant (O 2 and at higher over- 
potentials HO 2 ), which is subsequently 
further reduced to products (HO^~ and 
OH - respectively). When O 2 is reduced to 
H 2 O, both a direct four-electron reduction 
and two subsequent two-electron reduc- 
tions via H 2 O 2 were observed. This also 
depends on the system, the catalyst prepa- 
ration, the amount of catalyst adsorbed on 
the electrode surface, heat treatment, and 
the electrode materials. 

Oxygen can be reduced to H 2 O 2 by 
benzo-, naphtho-, and anthraquinone- 
modified electrodes [74] and by poly(violo- 
gen)-modified electrodes [75]. A Prussian 
blue-modified electrode catalyses elec- 
troreduction of O 2 to H 2 O by the four- 
electron transfer reaction [76]. 

Electrocatalytic oxidations (mainly epox- 
idation) of alkenes by manganese por- 
phyrins [77, 78] and a Schiff-base [79] and 
iron and cobalt porphyrins [78] have been 
achieved. Hydrogen peroxide or the super- 
oxide ion (O^) was generated electrochem- 
ically by reduction of dioxygen in solvents 
containing an acid or acid anhydride, the 
metal compounds as catalysts, and olefins 
as substrates, in the presence or absence 
of an axial base. The reaction was believed 
to take place through the formation of a 
high valent metal oxo porphyrin, produced 


by electroreducing O 2 . However, unfor- 
tunately, these reactions have not been 
carried out at modified electrodes with the 
exception of one case [77c]. 
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The concept of organic electrocataly- 
sis with chemically modified electrodes 
(CMEs) was born in the mid-1970s when 
Miller and coworkers achieved functional- 
ization of a graphite electrode surface with 
an optically active amino acid [1]. This in- 
novation was the starting point to initiate a 
wide area of research, which is still grow- 
ing [2-8]. CMEs have provided the possi- 
bility of intelligently designing and altering 
the surface of conventional electrodes in 
order to improve their functionality by uti- 
lizing the intrinsic properties of modifiers 
for selective electrochemical reactions. 

Organic electrocatalysis with CMEs can 
be defined as the use of electron media- 
tors to reduce the activation overpotential 
and accelerate the charge transfer rate 
with organic compounds. The first cat- 
alytic CME was reported by Evans and 
coworkers [9] who demonstrated catalytic 
enhancement of the oxidation of ascor- 
bic acid with a benzidine coated graphite 
electrode (Scheme 1). 

Since the appearance of this work, many 
different kinds of electrocatalytic reac- 
tions of organic compounds with CMEs 
have been carried out with various medi- 
ators and surface modification methods. 
Additional applications of mediator func- 
tionalized CMEs have been their use as 
amperometric detectors in liquid chro- 
matography and as biosensors. 
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The kind of mediators and modification 
methods can be classified as follows: 

1. Mediator 

a. organic redox compounds, 

b. organometallic redox complexes, 

c. conducting polymers, and 

d. fine metallic particles. 

Effective mediators embody the prop- 
erties of electrochemical reversibility, fast 
electron transfer between mediator, elec- 
trode and substrate, and chemical stability 
in the reaction environment. 

2. Modification methods 

a. monolayers or partial coverage of 
mediators on electrode surfaces via 
chemisorption, Langmir-Blodget 
films, or affixed via chemical bond, 

b. conductive multilayer polymer films 
on electrode surfaces, and 

c. heterogeneous multilayer films on 
electrode surfaces with different func- 
tions. 

Typical mediation reactions with 2, 2,6,6- 
tetramethylpiperidin-l-oxyl (TEMPO) for 
oxidation [10] and viologen for re- 
duction [11], respectively, are examples 
(Scheme 2). 

A theoretical understanding of the 
mechanism of mediation is important in 
the design of catalytic CMEs [12]. For ex- 
ample, it is known that the mechanisms 
of monolayer immobilized mediator, as 
shown in Fig. 1(a), proceeds in two steps. 

The first step is electron transfer between 
the electrode and mediator followed by the 
second step of charge transfer between 
the activated mediator and substrate in 
an electrolyte solution. The rate of elec- 
tron transfer is often high (10 4 s -1 ). On 
the other hand, the steps to consider as 
being important with polymer film immo- 
bilized mediator, as schematically shown 
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Scheme 2 

in Fig. 1(b) [8], is the rate of permeation of 
the substrate into the polymer and the rate 
of mediator regeneration by the electrode. 
The overall process is greatly influenced by 
the number of catalyst sites in the polymer 
film that can undergo reaction with the 
substrate [13]. If the substrate permeates 
the film very slowly, then only the outer- 
most catalyst sites at the polymer-solution 
interface [14] may participate in the elec- 
trocatalytic reaction. Electron transfer in 
the film can proceed by electron hopping 
and/or charge transfer; the former needs 
to have neighboring mediators in close 
proximity while the latter is usually char- 
acterized by a very slow rate. 

In this section, examples of organic 
electrocatalysis by CMEs are shown 


vs. SCE 


according to the method of modification. 
Monolayer attachment by chemisorption 
often uses irreversible adsorption of me- 
diators onto surfaces of platinum, car- 
bon, mercury, silver, or gold electrodes. 
Graphite electrodes are especially ef- 
fective in chemisorbing mediators that 
have extended jr-bond system. Exam- 
ples of chemisorption are tetracyano-p- 
quinodimethane (TCNQ), tetrathiafulva- 
lene (TTF), and Tl'-dimethylferrocene 
(DMFc) for the electrocatalytic oxida- 
tion of ascorbic acid (Scheme 3) [15]. 
Gold electrodes strongly adsorb me- 
diators containing mercaptide groups, 
which have been exploited for self- 
assembly of thiols with active redox 
functionalities such as nitroxyl radicals 
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Scheme 3 Electrocatalytic oxidation of ascorbic acid by TCNQ, DMFc, 
or TTF. 


for electrocatalytic oxidation of alco- 
hols [16, 17]. 

The chemical attachment of various 
kinds of functional groups to the sur- 
face of carbonaceous materials, such as 
graphite, glassy carbon, and pyrolytic 
graphite; metals such as Pt or Ti; and 


metal oxides such as SnC> 2 , TiC> 2 , and di- 
mensionally stable anode (DSA), has been 
reported [18, 19]. This mode of attachment 
has been used by many investigators. An 
example of a suitably reactive metal oxide 
surface is platinum oxide terminated by 
Pt-OH groups [20], which served as sites 
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to bond ferrocene carboxaldehyde [21]. The 
alkylamine-silanized Pt oxide was applied 
to the electrocatalytic oxidation of ascor- 
bic acid [22]. Carbon surfaces are also 
readily oxidized to produce a high den- 
sity of carbonyl groups [23] through which 
amide bonds can be formed [9]. Ascor- 
bic acid oxidation has been reported 
via the carboxyl-amide immobilization 
of 3,4-dihydroxybenzylamine [24] and a- 
aminoethylferrocene [25], 

In polymeric films, electroactivity is of- 
ten unnecessary because the electrode is 
designed to preconcentrate selectively or 
transport substrates through the film to 
the electrode, based on membrane par- 
titioning or permeability effect. Electron 
transfer then proceeds directly with the 
electroactive species at the surface of the 
base electrode. 

On the other hand, the electrodes at- 
taching electroactive polymer films and 
polymer CMEs having ionic, electroni- 
cally conductive, or redox property have 
been widely studied. Electronically con- 
ducting polymers, which are usually more 
conductive than redox polymers, can be 
doped to increase their intrinsic conduc- 
tivity. Such films are now popular because 
they are technically easier to modify by 
applying polymer onto an electrode com- 
pared to covalent monolayer formation. 
Polymer films generally adhere satisfac- 
torily to electrodes simply by forces of 
chemisorption or by being insoluble in 
the contacting solvent. 

The characteristics of polymer electrodes 
can be summarized as follows: 

1. In general, polymer films are more 
stable than monolayer films. This 
stability imparts longer life, which is an 
important consideration in their use. 

2. A high density of mediators can be 
placed in polymer layers. 


3. In many circumstances, the electro- 
catalytic efficiency in polymers may 
be enhanced. 

4. Mediators can be readily entrapped by 
physical forces or chemical bonding. 

5. The thickness of the polymer layer 
can be easily controlled, for example, 
by dip coating of electrode into poly- 
mer solution. 

6. Mediators can be easily immobilized by 
using functional groups of the polymer. 

7. Hyrophilicity and lipophilicity of poly- 
mer layers can be controlled by the 
presence or absence of functional 
groups - example is the existence of 
carboxylic acids in polymer structure. 

8. Functional groups on polymers can 
serve as a preconcentrating medium 
or as a transport carrier. 

9. A selective size domain can be obtained 
by cross-linking of functional groups 
in polymers, thereby constructing a 
supramolecular structure. 

Conductive polymer films on electrodes 
have been prepared by electrochemical 
polymerization of electroactive monomers 
such as a pyrrole-substituted me- 
diator, or by evaporating solutions 
containing preformed polymer. Exam- 
ples of electrocatalyses reported in- 
clude the oxidation of alcohols by 
pyrrole-substituted 2 ,2 , 5 , 5 -tetramethyl-3- 
pyrroline-l-oxyl [26] and organohalide de- 
halogenation by pyrrole-substituted 4,4'- 
bipyridinium salt [27]. The preparation of 
mediator-modified electrode by evaporat- 
ing solutions of preformed polymers was 
carried out by dip-coating polymers in- 
cluding mediators on electrode surface or 
by covalent attachment of mediators to 
dip-coated polymers on electrode surfaces. 
Examples of the former electrocatalyses 
are selected from the several reports on 
the oxidation of NADH by dopamine 
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polymer [28], and oxidation of alcohols [29] ethyl iodide and acrylonitrile [29], by the 
or amines [30] by TEMPO polymer. The dehalogenation of organohalides [31] and 
latter electrocatalyses are demonstrated by alkylation of activated olefins [32] with vi- 
the reductive cross-coupling reaction of tamin B 12 polymer (Schemes 4 and 5). 


Ri ^choh 

r 2 / 
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+ 0.6 V vs. Ag/Ag + 


C=0 


R 1 

r 2 
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87 
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27 
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36 

80 

Ph 
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68 
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CHCI 2 COCHCI 2 + CH 2 CICOCHCI 2 
71% 27% 


c 6 h 5 chchc 6 h 5 


-1 .4 V vs. Ag/Ag 
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+ H ^6^5 

yield : 79% 
coulombic yield : 84% 
turnover number : 770 



Scheme 5 Pyrrole-substituted 4,4'-bipyridinium salt-modified 
carbon felt electrode. 
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Further examples of covalent attach- 
ment of mediators by dip-coating polymers 
on electrode surfaces are described below 
in connection with preparative electrocat- 
alytic synthesis (Schemes 6 and 7). The 
requirement for high-density current for 
preparative organic electrosynthesis on 
CMEs is different than what is needed for 
conventional electroanalytical uses of such 
electrodes. However, most CMEs for elec- 
trosynthetic purposes have not achieved 
the required level of high current density. 
Graphite felt (GF) is an excellent candi- 
date as an electrode substrate material, due 
to high surface area. Moutet and cowork- 
ers have demonstrated its utility for such 
purposes [26, 27]. Another example is the 
work of Osa and Kashiwagi, as shown 
below [33, 34]. A poly(acrylic acid) (PAA) 
layer ca. 40-nm thick coated on GF having 


a surface of ca. 0.7 m 2 g _1 was reacted 
with 4-amino-TEMPO (64%), followed by 
cross-linking with hexamethylenediamine 
(16%) and by butylation with butyl sulfate 
to block the remaining carboxylate groups 
(20%). The density of TEMPO on the elec- 
trode thus prepared was 24gmolcm -3 . 
The results of using the TEMPO CME 
for preparative electrosynthesis are listed 
in Tables 1-3. Table 1 contains the re- 
sults for the oxidation of alcohols [35], 
thiols [36], naphthols [37], methylquino- 
lines [34], and amines [38] by the CME 
of 4-amino-TEMPO-modified PAA on GF. 
Table 2 lists the enantioselective oxidation 
of racemic alcohols [39], stereoselective lac- 
tonization of methyl-substituted diols [40], 
and enantioselective coupling of naph- 
thol [41] in the presence of chiral base 
of (-)-sparteine as a deprotonating agent 


NADH 


^NAD+ 

+ 0.24 V vs. SCE 



Scheme 6 Dopamine 
polymer-modified GC electrode. 


C 2 H 5 I + CH 2 =CHCN 


Vitamin B 12 derivative- 
modified GF electrode 


-1.4V vs. SCE 


CH 3 (CH 2 ) 3 CN 

Current yield 
TON : 2100 


7.7% 



Poly-L-lysine-vitamin B 12 (COOH)g- 
modified GF electrode 

► 

- 0.9 V vs. SCE 

Conversion : 94% 
TON : 320 hr 1 




+ Etl 


Poly-L-lysine-vitamin B 12 (COOH) 6 - 
modified GF electrode 


- 0.9 V vs. SCE 



Et 


Scheme 7 
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Tab. 1 Electrocatalytic oxidation of organic compounds on TEMPO-modified CF electrode 


Substrate Product r\ Con. Yield TON Ref. 

m m p/°j 



in an oxygen free and anhydrous acetoni- 
trile solution. A chiral TEMPO-modified 
PAA on GF electrode, where a chiral me- 
diator is l-aza-4-amino-2,2,7-trimethyl-10- 
isopropylspiro[5 . 5]undecane- 1 -oxyl, was 
used successfully in the enantioselec- 
tive [42] or stereoselective [43] electrosyn- 
thesis as shown in Table 3. Such a high 
enantioselective or stereoselective elec- 
trocatalytic oxidation may proceed in a 
suitable size of domain in a PAA layer. 
GF electrodes coated with Fc-modified 
PAA layer [44, 45], and viologen-modified 
Nafion or PAA layers [46] were also 


successfully prepared for the purpose 
of preparative electroenzymatic synthe- 
sis. 1,2-Dibromocyclohexane was electro- 
catalytically reduced to cyclohexene on 
nickel(II) pentaazamacrocyclic complex- 
modified GF electrode in high current 
efficiency (91%) and yield (85%) with a 
turnover number of ca. 1400 [47]. 

Examples of electrocatalysis with other 
conductive polymeric electrodes are 
(1) reaction of hydroquinone/benzoquin- 
one redox couple by polyaniline 
(PANI) [48], PANI derivatives [49], or 
poly(o-phenylenediamine) (POPD) [50]; 
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Tab. 2 Enantioselective and stereoselective, electrocatalytic oxidations on TEMPO-modified CF 
electrode in the presence of (-)-sparteine 


Substrate 


Product 



<7 

l%] 

Con 

j%] 

Yield 

r/o] 

ee 

TON 

Ref. 

95.1 

53.8 

52.4(46.2) 

99 

87 

[38] 

92.6 

98.5 

93.6 

98 

307 

[40] 

88.8 

93.6 

93.6 

99 

384 

[39] 


Tab. 3 Enantioselective and stereoselective, electrocatalytic oxidations on chiral TEMPO-modified 
GF electrode 


Substrate 


Product 


r\ Con. Yield ee TON Ref. 

m \%i m m 


HO CH 3 

6 

Racemate 

H 2 N^CH 3 


Racemate 


hoh 2 c ^^ch 2 oh 


H \ 99.1 50.7 50.4(49.3) 99 74 [401 

O^Cf / HO/rV CH 3\ 


\ 92.7 52.8 50.8(47.2) 99 78 [41] 


97.0 99.2 96.5 99 71 [40] 



(2) reduction of 1,2-naphthoquinone 
sulfate and viologens by PANI [51]; 

(3) oxidation of catechol by POPD [52]; 

(4) oxidation of ascorbic acid by PANI [53]; 


(5) electropolymerizeddiphenylamine [54] 
or copolymerized aniline with 3,4- 
dihydrobenzoic acid [55]; and (6) asym- 
metric reduction of benzophenone 
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- 2.2 V vs. Ag/Ag + 


Current yield : 80% 
Optical yield : 17% 



Scheme 8 Chiral poly(pyrrole)-modified Pt electrodes. 




derivatives by some chiral Ppys (Scheme 
8) [56], 

Ion exchange polymeric films, for 
instance, Nafion are electroactive by 
exchange of some of their charge- 
compensating counterions for electroac- 
tive ones [57, 58], In such films, electrons 
are transported in part by physical dif- 
fusion of electroactive ions, which may 
also undergo self-exchange as part of the 
transport process. 

Integrated systems refer to hetero- 
geneous films on electrodes designed 
to contain a mixture of constituents 
with different functions. For instance, 
electrocatalysis of organics were suc- 
cessfully achieved with the incorpora- 
tion of catalytic monomers in carbon 
paste matrix. Examples are oxidations 
of alcohol by ruthenium oxo com- 
plex [59] and ascorbic acid by catechol or 
aminophenol [60], p-phenylenediamine, 
or tetramethyl-p-phenylenediamine [61], 
and Prussian blue [62]. A CME prepared 


by dip coating a mixed cobalt phthalo- 
cyanine/cellulose acetate solution onto an 
electrode surface was used to oxidize ascor- 
bic acid [63]. 

References 

1. a) B. F. Watkins, J. B. Behling, E. Karivet al., 

J. Am. Chem. Soc. 1975, 97, 3549-3550; b) 
B. E. Firth, L. L. Miller, M. Matani et al., J. 
Am. Chem. Soc. 1976, 98, 8271-8272. 

2. R. W. Murray, Acc. Chem. Res. 1980, 13, 
135-141. 

3. R. W. Murray in Electroanalytical Chemistry 
(Ed.: A. J. Bard), Marcel Dekker, New York, 
1980, Vol. 13. 

4. R. W. Murray, A. G. Ewing, R. A. Durst, 
Anal. Chem. 1987, 59, 379A-390A. 

5. G. f. Patriarche, J.-M. Kauffmann, J.-C. Vire, 
in Redox Chemistry e[ Interfacial Behavior 
of Biological Molecules (Eds.: G. Dryhurst, 

K. Niki), Plenum Publishing Corporation, 
New York, 1988, pp. 479-498. 

6. R. W. Murray, (Eds.), Molecular design of 
electrode surface Techniques of Chemistry, 
Wiley, New York, 1992, Vol. 22. 



704 


10 Electrochemical Reactions on Modified Electrodes 


7. A. M. Titse, A. M. Timinov, G. A. Shagisul- 
tanova, Coord. Chem. Rev. 1993, 125, 43-52. 

8. T. Osa, in New Challenges in Organic Chem- 
istry (Ed.: T. Osa), Gordon and Breach Sci- 
entific Publishers, Amsterdam, 1998, pp. 
183-219. 

9. J. F. Evans, T. Kuwana, T. M. Henne et al .,/. 
Electroanal. Chem. 1977, 80, 409-416. 

10. M. F. Semmelhack, C. R. Schmid, D. A. 
Cortes et al., J. Am. Chem. Soc. 1983, 105, 
4492-4493. 

11. T. Osa, T. Kuwana, J. Electroanal. Chem. 
1969, 22, 389-406. 

12. C. P. Andrieux, J. M. Dumas-Bouchiat, (. M. 
Saveant, J. Electroanal. Chem. 1982, 131, 
1-35. 

13. F. C. Anson, T. Ohsaka, J. M. Saveant,/. Am. 
Chem. Soc. 1983, 105, 4883-4890. 

14. C. R. Leidner, R. W. Murray, J. Am. Chem. 
Soc. 1984, 106, 1606-1614. 

15. J. Kulys, A. Drungiline, Electroanalysis 1991, 
3, 209-219. 

16. T. Fuchigami, T. Shintani, A. Konno et al., 
Denki Kagaku (presently Electrochemistry) 
1997, 65, 506-507. 

17. Y. Kashiwagi, K. Uchiyama, F. Kurashima 
et al., Electrochemistry 1999, 67, 900-902. 

18. T. Osa, M. Fujihira, in Electroorganic Chem- 
istry, Kagaku Zokan No. 86, (Eds.: T. Osa, 
T. Shono, K. Honda), Kagaku Doujin, 1980, 
pp. 7-21. 

19. a) M. Fujihira, T. Matsue, T. Osa, Chem. 
Lett. 1976, 875-878; b) T. Osa, M. Fujihira, 
Nature 1976, 264, 349; c) M. Fujihira, 
A. Tamura, T. Osa, Chem. Lett. 1977, 
361-366; d) M. Fujihira, T. Matsue, T. Osa, 
Electrokhimiya 1977, 13, 1679-1684. 

20. H. Abruna, T. J. Meyer, R. W. Murray, Inorg. 
Chem. 1979, 11, 3233-3240. 

21. M. Sharp, M. Petersson, K. Edstrom, /. Elec- 
troanal. Chem. 1980, 109, 271-288. 

22. M. Petersson, Anal. Chim. Acta 1986, 187, 
333-338. 

23. G. Nagy, G. A. Gerhardt, A. F. Oke et al., /. 
Electroanal. Chem. 1985, 188, 85-94. 

24. C. Ueda, D. C.-S. Tse, T. Kuwana, Anal. 
Chem. 1982, 54, 850-856. 

25. P. Jego, C. Moinet, in Novel Trends in Elec- 
troorganic Synthesis (Ed.: S. Torii), Springer- 
Verlag, Tokyo, 1997, pp. 161-164. 

26. A. Deronzier, D. Limosin, J.-C. Moutet, Elec- 
trochim. Acta 1987, 32, 1643-1647. 

27. a) L. Coche, J.-C. Moutet, J. Electroanal. 
Chem. 1987, 224, 112-122; b) L. Coche, 


J.-C. Moutet, J. Electroanal. Chem. 1986, 
198, 187-193; c) L. Coche, J.-C. Moutet, J. 
Electroanal. Chem. 1988, 245, 313-319. 

28. A. N. K. Lau, L. L. Miller, J. Am. Chem. Soc. 
1983, 105, 5271-5277. 

29. T. Osa, U. Akiba, I. Segawa et al., Chem. Lett. 
1988, 1423-1426. 

30. F. MacCorquodale, J. A. Crayston, J. C. Wal- 
ton et al., Tetrahedom Lett. 1990, 31, 771-774. 

31. A. Ruhe, L. Walder, R. Scheffold, Helv. Chim. 
Acta 1985, 68, 1301-1311. 

32. D.-L. Zhou, C. K. Njue, J. F. Rusling, J. Am. 
Chem. Soc. 1999, 121, 2909-2914. 

33. T. Osa, Y. Kashiwagi, Z. Ma, in Electroorganic 
Synthesis (Eds.: D. Little, N. L. Weinberg), 
Marcel Dekker, New York, 1991, pp. 
343-353. 

34. Y. Kashiwagi, H. Ono, T. Osa, Chem. Lett. 
1993, 257-260. 

35. T. Osa, Y. Kashiwagi, K. Mukai et al., Chem. 
Lett. 1990, 75-78. 

36. Y. Kashiwagi, A. Ohsawa, T. Osa et al., 
Chem. Lett. 1991, 581-584. 

37. Y. Kashiwagi, H. Ono, T. Osa, Chem. Lett. 
1993, 81-84. 

38. Y. Kashiwagi, F. Kurashima, C. Kikuchi 
et al., /. Chin. Chem. Soc. 1998, 45, 135-138. 

39. Y. Kashiwagi, Y. Yanagisawa, F. Kurashima 
et al., J. Chem. Soc., Chem. Commun. 1996, 
2745-2746. 

40. Y. Yanagisawa, Y. Kashiwagi, F. Kurashima 
et al., Chem. Lett. 1996, 1043-1044. 

41. T. Osa, Y. Kashiwagi, Y. Ynagisawa et al., 
J. Chem. Soc., Chem. Commun. 1994, 
2535-2537. 

42. Y. Kashiwagi, F. Kurashima, C. Kikuchi, in 
Novel Trends in Electroorganic Synthesis (Ed.: 
S. Torii), Springer-Verlag, Tokyo, 1997, pp. 
169-172. 

43. Y. Kashiwagi, F. Kurashima, C. Kikuchi, in 
Novel Trends in Electroorganic Synthesis (Ed.: 
S. Torii), Springer-Verlag, Tokyo, 1997, pp. 
173-174. 

44. Y. Kashiwagi, T. Osa, Chem. Lett. 1993, 
185-188. 

45. T. Osa, Y. Kashiwagi, Y. Yanagisawa, Chem. 
Lett. 1994, 367-370. 

46. Y. Kashiwagi, Y. Yanagisawa, N. Shibayama 
et al., Electrochim. Acta. 1997, 42, 2267-2270. 

47. Y. Kashiwagi, C. Kikuchi, J. Anzai et al., J. 
Electroanal. Chem., in press. 

48. a) J. Yano, K. Ogura, A. Kitani et al., Synth. 
Met. 1992, 52, 21-31; b) J. Yano, K. Ogura, 
A. Kitani et al., Can. J. Chem. 1992, 70, 



1009-1010; c) J. C. Cooper, E. A. H. Hall, 
Electroanalysis 1993, 5, 385-397; d) 

Z. Mandic, L. Duic, J. Electroanal. Chem. 

1996, 403, 133-141; e) N. Pekmez, A. Yildiz, 
Ber. Bunsen-Ges. Phys. Chem. 1998, 102, 
843-847; f) A. Malinauskas, R. Holze, 
Electrochim. Acta 1998, 43, 2563-2575. 

49. a) f. Yano, M. Kokura, K. Ogura, J. Appl. 

Electrochem. 1994, 24, 1164-1169; b) 

A. Malinauskas, R. Holze, Ber. Bunsen-Ges. 
Phys. Chem. 1996, 100, 1740-1745; c) 
W. Wang, T. Yamaguchi, K. Takahashi et al., 
Denki Kagaku (presently Electrochemistry) 
1998, 66, 1032-1033. 

50. M. D. Levi, E. Y. Pisarevskaya, Synth. Met. 
1993, 55, 1377-1378. 

51. A. Malinauskas, R. Holze, J. Electroanal. 
Chem. 1999, 461, 184-193. 

52. J. Yano, A. Shimoyama, K. Ogura, J. Chem. 
Soc., Faraday Trans. 1992, 88, 2523-2527. 

53. I. Casella, M. R. Guascito, Electroanalysis 

1997, 9, 1381-1386. 

54. A. Bagheri, F. Emami, M. R. Nateghi, Anal. 
Lett. 1997, 30, 2023-2028. 

55. J. J. Sun, D. M. Zhou, H. Q. Fang et al., Ta- 
lanta 1998,45, 851-856. 


10.2 Organic Electrocatalysis | 705 

56. a) S. Pleus, M. Schwientek, Synth. Commun. 

1997, 27, 2917-2930; b) S. Pleus, 

M. Schwientek, Synth. Met. 1998, 95, 

233-238; c) S. Pleus, C. H. Hamann, 

M. Schwientek et al., in Elektrochemische 
Reaktion-Stechnik und Synthese, GDCh 
Monographic (Eds.: J. Russow, G. Sandstede, 

R. Staab), Gesellschaft Deutscher Chemiker, 
Frankfurt am Main, 1999, p. 173, Vol. 14. 

57. T. Osa, T. Matsue, A. Yokozawa et al., Denki 
Kagaku 1985, 53, 104-108. 

58. T. Matsue, A. Aoki, I. Uchida et al., Bull. 

Chem. Soc.Jpn. 1987, 60, 3591-3595. 

59. W. Kutner, T. f. Meyer, R. W. Murray, J. 
Electroanal. Chem. 1985, 195, 375-394. 

60. K. ]. Stutts, R. M. Wightman, Anal. Chem. 

1983, 55, 1576-1579. 

61. K. Ravichandran, R. P. Baldwin, Anal. Chem. 

1983, 55, 1586-1591. 

62. F. Li, S. Dong, Electrochim. Acta 1987, 32, 
1511-1513. 

63. f. Wang, T. Golden, R. Li, Anal. Chem. 1988, 

60, 1642-1645. 



706 | 10 Electrochemical Reactions on Modified Electrodes 

10.3 

Electrocatalysis of Inorganic Chemicals by 
Chemically Modified Electrodes 

Bineta Keita, Louis Nadjo 

Universite Paris-Sud, 91405 Orsay Cedex, 

France 


10 . 3.1 

Inorganic 

In the fabrication of chemically modi- 
fied electrodes (CMEs), “one deliberately 
seeks, in some hopefully rational fash- 
ion, to immobilize a chemical on an 
electrode surface, so that the electrode 
thereafter displays the chemical, electro- 
chemical, optical, and other properties of 
the immobilized molecule (s)” (Ref. 1 and 
references therein). Ordinarily, electro- 
catalysis at a CME features a mediation of 
electron-transfer reactions, by the immobi- 
lized redox couple, between the electrode 
and some substrate that would otherwise 
undergo a slow electrochemical reaction at 
a naked electrode [1]. However, in the fol- 
lowing, electrocatalysis will be taken in the 
broad sense usually attached to this term in 
most applications of chemically modified 
electrodes [2] and which can be defined as 
the “dependence of the electrode reaction 
rate on the nature of the electrode mate- 
rial”. In this section, we are not concerned 
about cases in which the electrode ma- 
terial is catalytic per se. In other words, 
intentional modification of the electrode 
composition or surface is necessary. In line 
with this choice, examples of electrocatal- 
yses triggered by deposited adatoms will 
be included. Selection was made of and 
emphasis put on examples, old and recent, 
that illustrate the above definitions, but the 
recent literature will be mostly retained, 


from which older material can easily be 
traced. Therefore, no effort will be made for 
exhaustiveness. Rather, wherever possi- 
ble, mechanistic proposals and unresolved 
problems will be presented and discussed, 
in an attempt to stimulate future work on 
the subject. Finally, references with essen- 
tially analytical purposes are collected, as 
well as those in which the products of the 
electrocatalysis are identified and, some- 
times, quantified. The main substrates re- 
tained herein for examination concern the 
small inorganic ions and molecules, which 
have been receiving attention for several 
decades recently. Our selection includes 
the reduction of protons or oxidation of 
hydrogen, the reduction of oxygen, and the 
electrochemical processes of nitrogen ox- 
ides (NO*) and carbon oxides (CO. v ), com- 
plemented by the electrocatalysis of chlo- 
rate, bromate, and so on. All of them have 
important implications in environmental 
problems and/or are potentially consid- 
ered as abundant and inexpensive sources 
for the production of useful chemicals [3]. 

10 . 3.2 

The Three Main Strategies as Applied to the 
NO* 

Three main strategies can be distin- 
guished. The first strategy is illustrated 
by the attempts to transfer to electrode 
surfaces, the real or putative catalytic 
properties of inorganic complexes in ho- 
mogeneous solutions toward these nitro- 
gen oxides. Essentially, nitrate (NO3 - ), 
nitrite (NO2 - ), and nitric oxide (NO) 
were studied and reported in the liter- 
ature. Similarly, Tanaka et al. [4, 5] real- 
ized the catalytic reduction of N03 - to 
NH3 on a glassy carbon electrode modi- 
fied with (/7Bu4N)3[Mo2Fe6Sg(SPh)9]. The 
controlled potential electrolysis was per- 
formed at —1.25 V versus the standard 
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calomel electrode (SCE) in a phosphate 
buffer. The current efficiency was as 
high as 80.3% at pH 10. Nitrite and 
hydroxylamine were found as interme- 
diates but were very easily reduced to 
ammonia. A small amount of hydrogen 
was also obtained. The same electrode 
reduced NO 2 - to N 2 O at — 1.10 V ver- 
sus the SCE, without any appearance of 
NH 3 . One of the most interesting results 
concerns the molybdenum -iron -sulfur 
cluster, which is prepared in drastic anaer- 
obic conditions: the authors claim that, 
this complex, modified on a glassy carbon 
plate, "does not undergo a degradation 
during the reduction of N 03 - ” [5]. The 
same strategy with simpler complexes is 
illustrated by the use of various assem- 
blies: Nafion and trans-Co(III) cyclams 
coated on gold or amalgamated gold elec- 
trodes reduce NC> 3 _ into hydroxylamine, 
NH 20 H,inaconcentrateds odium hydrox- 
ide solution [ 6 ]. Electrocatalytic reduction 
of nitric oxide is readily observed at 
glassy carbon electrodes modified with 
electropolymerized films of [Cr(v-tpy) 2 ] 3+ 
where (v-tpy) stands for 4' -vinyl-2, 2', 6 ', 2”- 
terpyridyl [7]. Upon further modification 
with a thin film of Nafion, such electrodes 
proved suitable as NO sensors in solu- 
tion, with submicromolar detection limits 
and fast response. Similarly, iron alizarin 
complexone {iron(III) [(3,4-dihydroxy-2- 
anthraquinolyl) methyl)imino] diacetic 
acid) strongly adsorbed on graphite elec- 
trode surfaces catalyzes the reduction of 
both nitrite and nitric oxide, mainly into 
NH 2 OH and NH 3 [ 8 ]. Coordination of the 
N 0 2 - to the surface complex appeared 
likely on the basis of a small poten- 
tial shift of the complex wave observed 
upon addition of nitrite. The formation of 
an adduct with NO is straightforwardly 
indicated by the appearance of a new 
wave [ 8 ]. Such a nitrosyl formation is also 


clearly demonstrated as a key step in 
the electrocatalytic reduction of nitrite by 
iron(III) protoporphyrin IX dimethyl es- 
ter immobilized in an electropolymerized 
film [9]. The major products of the catalytic 
reductions were ammonia, nitrous oxide, 
nitrogen, and hydroxylamine. A striking 
observation is worth emphasizing: N 2 
appears as a major product in the immo- 
bilized metalloporphyrin-mediated nitrite 
reduction, in contrast with the previously 
studied solution-phase monomeric por- 
phyrin catalysts [10-12]. The proximity of 
the redox sites within the polymeric matrix 
was invoked as a possible explanation for 
this modification of selectivity. A plausible 
mechanism for the whole reduction pro- 
cess, suggested by Meyer et al. [9] is shown 
in Sch. 1. 

The bicatalyst electrocatalytic reduction 
and oxidation of nitrite by Fe(II) and Cu(II) 
complexes constitutes another interesting 
achievement [13]. A two-layer film of 
iron(II) complex and Cu(II) complex 
adsorbed on a glassy carbon electrode was 
used to oxidize NO 2 - to NC> 3 _ through 
the iron(II/III) complex redox couple and 
to reduce nitrite to nitrous oxide through 
the copper(II/I) redox couple [13]. 

The preceding examples and many 
others, for instance those from Malin- 
ski’s group [14-18], might suggest the 
metal- NO v interaction to build up a com- 
plex center where subsequent redox events 
are to take place directly [19]. Several 
papers show, however, that such a general- 
ization is inappropriate. For instance, after 
studying the coordination of nitric oxide 
(NO) to Co(II) phthalocyanine (CoPc) in 
dimethyl sulfoxide, it was established that 
ring-centered processes may be involved 
in the subsequent catalytic reduction of 
NO [20]. As a consequence, the follow- 
ing mechanism was proposed, taking this 
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[Fe"(NCT)(PP)r 
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+ H- 1/2H 2 0 
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+ /iH + 


+ (3-n)H + 


+e 


[Fe"(NOH n )(PP)] n - 2 

5 

+ (2-n)H + - -H 2 0 
[Fe v (N)(PP)]° 
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[Fe IM (PP)] + + 1/2N 2 

Scheme 1 Possible mechanism for the electrolytic reduction of NC>2~ or NO. 


finding into account [20]: 

Co n Pc(— 2) + NO < » (NO)Co ln Pc(— 2) 

( 1 ) 

(NO)Co ni Pc(— 2) + e~ < » 

(NO)Co n Pc(— 2) (2) 

(NO)Co n Pc(— 2) + e“ » 

(NO)Co I Pc(-2) (3) 

(NO)Co'Pc(— 2) + e~ < » 

(NOJCo'Pcf — 3) (4) 

(NO)Co'Pc(— 3) + ne~ z » 

NH3 and other products (5) 

In the detection and quantification of 
NO, it was even demonstrated that the 
central metal in these complexes might 


not be essential [21-23]. The same elec- 
trocatalytic activity toward NO was found 
for glassy carbon electrodes coated with 
the conductive polymeric film of nickel(II) 
tetrakis(3-methoxy-4-hydroxyphenyl) por- 
phyrin before and after demetalation [21]. 
A simple Nafion coating on a gold 
microelectrode reliably detects NO in 
the nanomolar concentration range while 
minimizing the interference of nitrite [22]. 
Also, Abruna and coworkers described 
a sensor for the direct determination of 
NO based on its oxidation at a plat- 
inum electrode modified with Nafion and 
cellulose acetate [23], Whereas the pur- 
pose of Nafion was to exclude interfering 
anions, the cellulose acetate serves to dis- 
criminate on the basis of size. A sharp 
selectivity for nitrate over perchlorate, io- 
dide, and bromide was demonstrated with 
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a film obtained by electropolymerization 
of pyrrole onto glassy carbon electrodes 
in the presence of NaNC>3 [24]. At least 
two significant drawbacks in the strategy 
of electrode modification with elaborate 
inorganic complexes might be pointed 
out: first, some cumbersome modifica- 
tion procedures must be used; second, and 
particularly, the long term stability of the 
complex is not guaranteed upon repeated 
use or cycling. 

The second strategy is roughly based on 
the catalytic behaviors of metals in the 
dispersed state. Basically, the concept of 
active sites on metal surfaces [25] remains 
the ultimate, widely used rationale for cat- 
alytic processes at surfaces and interfaces. 
For example, nitrous oxide (N2O) is easily 
reduced to N2, using a gas-diffusion elec- 
trode loaded with a platinum catalyst [26]. 
There is abundant literature concerning 
the deposition of metal atoms or aggre- 
gates on noncatalytic electrode surfaces for 
catalysis purposes. However, a critical eval- 
uation of the performance must be made 
to ensure that metal deposition does not 
result merely in an increase of the active 
surface and to demonstrate true cataly- 
sis. Thus, the electrocatalytic reduction 
of nitrate is mediated by underpotential- 
deposited cadmium on gold and silver elec- 
trodes in acid media [27]. The efficiency of 
material doping was demonstrated in the 
reduction of nitrite and nitrate using thin- 
film, B-doped diamond electrodes [28]. 
The use of bimetallic electrodes can be 
considered as an amplification of the same 
concept, with some possibility to control 
and direct the selectivity. Such an exam- 
ple is illustrated by the electrocatalytic 
reduction of NO3 - on palladium/copper 
electrodes [29]. One monolayer of Cu gives 
a selectivity different from bulk Cu. As 
a whole, copper is claimed to activate the 


first electron transfer; the role of palladium 
is to steer the selectivity toward N2 [29]. 

The last strategy utilizes the properties 
of a single family of chemicals, namely 
oxides, and is therefore separated from 
the two preceding ones even though 
the techniques might seem close. This 
strategy might ultimately be traced to 
the discovery that some precious-metal 
oxides display far superior performances 
than the corresponding precious metals 
themselves [30]. Attention was then 
sharply focused on metal oxides as 
electrode materials [31, 32]. Furthermore, 
synergistic effects have appeared in 
many instances as a result of admixing 
single oxides, producing a material 
with properties superior to a linear 
combination of the constituents. The 
chemistry and geometric factors that 
lead to better catalytic properties are, 
at best, only partially understood. To 
keep closely with the classical idea of 
electrode modification, the astonishing 
activation of glassy carbon surfaces with 
alumina is worth mentioning [33, 34]. 
This example is cited here even though 
the activated surface was applied to the 
catalytic oxidation of organic chemicals, 
including ascorbic acid. As a molecular 
illustration of the basic electrocatalytic 
properties of oxides, extensive work is 
being carried out for years by Keita 
and Nadjo on oxometalates, including 
heteropoly and isopoly oxometalates. 
Examples of Keggin- and Dawson- 
type heteropolyanion structures [35] are 
shown in Fig. 1. The incentive for 
such investigations originated from 
several facts: (1) oxometalates appear as 
molecular metal oxides; in particular, 
heteropolyanions may closely mimic 
mixed metal oxides, with the geometric 
factors imposed by crystallographic 
structures; (2) the redox properties of 
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Keggin structure 



Fig. 1 Keggin and Dawson structures. 

these compounds may be very flexible 
and chosen on purpose by changing 
their composition; and (3) their reduced 
forms can act as donors or acceptors 
of several electrons while maintaining 
their structure. It is expected that this 
behavior might serve as a valuable aid 
when an attempt at studying catalysis 
and electrocatalysis at a molecular level 
is tackled. Solution electrochemistry of 
a large variety of such oxometalates and 
their derivatives shows electrocatalytic 
behaviors toward the reduction of nitrite 
and nitric oxide [36, 37]. The main 
product detected after electrolysis at 
potentials more negative than the first 
redox couple of the heteropolyanions 
was N 2 O [38], It was even possible to 
demonstrate that a series of one- and two- 
electron reduced unsubstituted, lacunary 
as well as substituted heteropolyanions 
convert quantitatively NO into N 2 O in 
acidic aqueous media [39]. Entrapment of 
selected heteropolyanions in polyaniline 
(PANI) films or in slightly quaternized 
polyvinyl pyridinium (QPVP) films on 
a glassy carbon electrode, demonstrates 


Dawson structure 



that stable conductive as well as redox 
polymer assemblies can be fabricated [40, 
41]. The catalytic behaviors observed in 
solution remain [38], In comparison with 
the polished glassy carbon electrode, 
the improvement in operational potential 
observed for a current density of 
53 pA cm -2 varies from 0.800 to 
1.200 V, depending on the specific 
heteropolyanion used. Figure 2 illustrates 
the electrocatalytic reduction of nitrite by a 
PANI/[SiMoi 2 C> 4 o] 4- assembly, in a pH 2 
solution, with a potential improvement 
of at least 600 mV compared to the bare 
glassy carbon electrode [38], This example 
illustrates a case in which cross-check 
experiments are useful to demonstrate 
true electrocatalytic behavior. As a matter 
of fact, pure PANI apparently catalyzes 
the reduction of nitrite, but in contrast 
with the PANI/[SiMoi 2 C> 4 o] 4 ^ assembly, 
does not stand repetitive cycling in the 
presence of NO 2 - , and therefore is not 
useful for a long term electrocatalysis. 
Combining this oxide strategy with the 
properties of inorganic complexes, Anson 
et al. have proposed a bicatalyst coating 
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Fig. 2 Cyclic voltammograms showing 
the electrocatalytic reduction of nitrite at 
PANI/polyoxometalate coated 
electrodes. Electrolyte: 0.2 M 
Na2SC>4 + H2SO4 (pH = 2 ). Scan rate 
v = 5 mV s -1 . Solid line: cyclic 
voltammetry, restricted to the stability 
domain of PANI, of the PANI/SiMo-|2 
assembly, in the supporting electrolyte; 
Dotted line: effect of the addition of 
10~ 2 M NaN02 to the electrolyte. 



on roughly polished edge plane pyrolytic 
graphite electrodes: the coating consists 
of alternating layers of [P2Moi8C>62] 6 ~ 
anions and Os(II) or Ru(II)-polypyridine 
cations [ 42 ]. The assembly was used 
for the reduction of HNO2 and the 
oxidation of benzyl alcohol. Electrocatalytic 
behavior was demonstrated for both 
anionic [P2M018O62] 6- and cationic 
[cis- Ru(dcbpy)2(OH2)2] 2+ (dcbpy = 6 , 6 '- 
dichloro- 2 , 2 , -bipyridine). However, it 
turns out that the stacking of multilayers 
on top of the first layer of [P2M018O62] 6- 
adsorbed on the electrode produced almost 
no increase in catalytic currents for the 
reduction of HNO2 to N2O and the activity 
of [cis-Ru(dcbpy)2(OH2)2] 2+ in coatings for 


the catalytic oxidation of benzyl alcohol was 
short-lived. 

Developments of all the three strate- 
gies as applied to the redox processes of 
the NO v continue unabated [ 43 - 47 ] ev- 
ery time a new chemical shows promise 
for electrocatalytic reduction of the NO v . 
There are several recent examples, which 
cannot be cited exhaustively. In particu- 
lar, the electrocatalytic reduction of ni- 
trite has become a popular test of the 
electrocatalytic behaviors of polyoxomet- 
alates [ 48 - 52 ], 

Falling in this group of achieve- 
ments, the electrocatalytic reduction 
of nitrate was realized by using 
Cu 2+ - and Ni 2+ -containing Dawson-type 
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polyoxometalates [53]. The presence of 
these substituents seems necessary, in 
contrast with the observed catalytic re- 
duction of nitrite and nitric oxide, for 
which even nonsubstituted polyoxomet- 
alates were active. With the first series 
of derivatives, the electrocatalysis is trig- 
gered by the electrodeposited copper; 
Ni 2+ -containing heteropolyanions mimic 
more closely the catalytic reduction of 
nitrate by metal ion cyclams and re- 
lated complexes. Several such examples 
have been described recently and await 
their possible transfer to electrode sur- 
faces [54-57]. Among them must be 
stressed the Keggin dimer, [Fe 6 (OH) 3 (A- 
a-GeW9C>34(OH)3)2] 11- , which shows 
an important catalytic activity toward 
the reduction of nitrate [56], As a 
final relevant example, the behav- 
iors of the supramolecular complex 
[CU20Cl(OH)24(H 2 O) 12 (P 8 W 4 8Oi84)] 25 - 
were studied recently [58]. This molecule 
shows a strong catalytic activity toward 
nitrate and nitrite. Comparison with the ac- 
tivity per copper atom of previously studied 
copper-substituted heteropolyanions indi- 
cates the supramolecular complex to be 
significantly more efficient, a feature that 
reinforces the notion that accumulation of 
transition metals within polyoxometalates 
should be beneficial for the relevant cat- 
alytic processes. This superior efficiency of 
[CU20Cl(OH)24(H2O) 1 2(P 8 W48O 1 84)] 25 - is 
due both to the accumulation of Cu centers 
and to the more positive potential lo- 
cations of catalytically active Cu and W 
waves compared to the corresponding 
waves of other Cu-substituted polyox- 
ometalates. As another example, it was 
found recently [59] that the dimeric pen- 
tacopper(II)-substituted tungstosilicate 
[Cu 5 (OH) 4 (H 2 O) 2 (A-a-SiW 9 O 33 ) 2 ] 10 'cat- 
alyzes the reduction of nitrous oxide (N 2 Q). 


10.3.3 

Other Illustrative Examples: 0 2 , H 2 , CI 03 - , 
CO, 

The three basic strategies developed by 
taking as examples the catalytic redox pro- 
cesses of the NO, are used, sometimes 
with slight variations, for the electrocataly- 
sis of dioxygen reduction (sometimes asso- 
ciated with hydrogen peroxide reduction) 
or dioxygen evolution reaction [30-32, 
47-85], chlorine evolution, bromine or io- 
dine production [30-32, 76, 77, 86-88], 
hydrogen evolution reaction (HER), or the 
oxidation of hydrogen [64, 88-93], the CO, 
processes [94-109]. Preference is given to 
the pioneering work on these chemicals 
unless recent breakthrough justifies spe- 
cific development, as will appear in the 
following. It frequently happens, in the 
case of metal dispersion or metal alloys, 
that the same catalysts are operative for 
the reduction of dioxygen and the oxidation 
of hydrogen. Efficient dioxygen reduction, 
in particular, its four-electron reduction 
to water, remains a subject of continuing 
efforts. Work from Collman’s group [70, 
71, 110-113] and from Anson’s group [69, 
72, 111-117], in cooperation or sepa- 
rately, are particularly illustrative in this 
domain. The basic ideas behind their strat- 
egy and the evolution of this strategy for 
designing and synthesizing suitable metal 
complexes to achieve the four-electron re- 
duction of dioxygen can be summarized 
as follows: As a central point of note, 
it is recognized that the stepwise reduc- 
tion of dioxygen first to hydrogen peroxide 
(E° = 0.68 V versus standard hydrogen 
electrode) and subsequently to water is 
not a viable pathway if the cathode is to 
operate near the thermodynamic 0 2 /H 2 0 
potential ( E° = 1.23 V). Then, it is desir- 
able to supply four electrons more or less 
simultaneously to the dioxygen substrate 
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at as positive a potential as possible. Fur- 
thermore, a mononuclear complex seems 
highly unlikely to effect such a reduc- 
tion in a rapid fashion. The idea then 
emerged to try and mimic the mechanism 
of enzyme action of cytochrome c oxidase, 
which carries out the four-electron reduc- 
tion of dioxygen to water without forming 
free H2O2. It is desirable that hydrogen 
peroxide, if any, be not an intermediate but 
merely a minor side product. Hence the 
first approach to this problem involved the 
“face-to-face” (FTFX, in which X stands 
for the number of atoms of the linking 
group) porphyrin dimer, a structure that 
holds two metal centers in close proximity 
so that they can act jointly in coordination 
and reduction of the substrate. The strategy 


proved successful, first with C02FTF4 ad- 
sorbed on pyrolytic graphite electrodes. 
The synthetic subtleties used to achieve 
a parallel orientation of the two cofacial 
metalloporphyrin rings and the different 
interporphyrin separations can be found 
in the original papers. A detailed study of 
C02FTF4, in particular, as a function of 
pH has revealed a gradual conversion of 
the dioxygen reduction product to hydro- 
gen peroxide as the supporting electrolyte 
was changed from acidic to neutral or alka- 
line. An example of accommodation [ 113 ] 
of the main observations in acidic media 
results in the proposal of the mechanistic 
pathways presented in Sch. 2 . 

In this scheme, the proposed interme- 
diates constitute reasonable guesses. A 



Scheme 2 
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catalytic mechanism is also given in the from the four coordinated [Ru(NH 3 ) 5 ] 2+ 
absence of proton. groups to O 2 molecules associated with 

Numerous other assemblies have been the Co(II) center of the porphyrin. One 
designed and proved successful in the of the key requirements for this success 
four-electron reduction of dioxygen. The stems from the fact that the four coordi- 
wish to mimic as closely as possible mul- nated groups do not interact strongly and 
tielectron redox enzymes functioning at have essentially the same formal poten- 
physiological pH with heterometallic ac- tial. Also, it has been possible, using the 
tive centers suggested the synthesis of complex of Co(III) with the macrocyclic 
mixed metal porphyrins. An interesting ligand C-meso-5,7,7,12,14,14-hexamethyl- 
example in this domain [114] is provided 1,4,8,11-tetraazacyclotetradecane, to ob- 
by the study of anthracene-linked dimeric tain clear evidence for the intermediacy 
metalloporphyrins with the following com- of the hydroperoxo complex presumed to 
bination of metal centers: Co— Cu, Co— Fe, be formed during the catalyzed reduction 
Fe— Fe, Fe— H 2 . Except for the Co— Cu of O 2 to H 2 O 2 by cobalt porphyrins [117]. 
diporphyrin, which failed to catalyze the Completely mineral catalysts are 
reduction of dioxygen beyond H 2 O 2 , all also being applied to the reduc- 
the other assemblies exhibited mixed re- tion of dioxygen. In a recent ex- 
duction pathways to both H 2 O and H 2 O 2 , ample, a Pd-containing polyoxometa- 
with the pathways that lead to H 2 O not late, [Cs 2 Na(H 20 )gPd 3 (Q'-AsW 9 0 3 3 ) 2 ] 9_ , 
involving H 2 O 2 as an intermediate, as has shown a remarkable catalytic ef- 
sketched in Sch. 3 [114]. feet for this process [118]. The active 

Continuation of these efforts have re- surface was the deposited Pd° films, 
cently led Collman et al. to the success- The case might be considered to par- 
ful synthesis of close analogs of the allel somewhat the observations made 
cytochrome c oxidase Fe^/Cue center with the wheel-shaped copper complex 
that show clean four-electron electrocat- [Cu 2 oCl(OH) 24 (H 20 )i 2 (P 8 W 480 i 84 )] 25_ 
alytic reduction of O 2 to H 2 O at phys- in the electrocatalytic reduction of ni- 
iological pH [71, 110]. With the same trate, for which the active surface 
basic ideas but in a somewhat differ- was the deposited Cu° electrode (vide 
ent direction, Anson etal. [116] attached supra) [58]. The voltammetric pattern 
four Ru(NH 3 )5 groups to cobalt meso- of [Cs2Na(H20)8Pd3(o'-AsW9C>33)2] 9_ fea- 
tetrakis(4-pyridyl)porphyrin within Nafion tures the characteristics of the deposition 
coatings on graphite electrodes. The result- behavior of Pd° on the glassy carbon elec- 
ing complex, [CoP(pyRu(NH 3 ) 5 ) 4 ] 8+ , acts trode surface. These surfaces turn out to 
as a catalyst for the four-electron reduction display the electrocatalytic behavior usually 
of O 2 under conditions in which mixtures expected for Pd° films in the electro- 
of the same porphyrin with uncoordi- catalytic reduction of dioxygen. Figure 3 
nated [Ru(NH 3 ) 6 ] 2+ or [Ru(NH 3 )spy] 2+ shows the superposition of the voltammo- 
do not. In contrast with experiments grams obtained with the deposited Pd° 
showing that the presence of multiple film in a pure, pH 5 electrolyte, after bub- 
electron-donating groups is not suffi- bling air and pure dioxygen, respectively, 
cient to ensure multiple electron catalysis, through the solution. It must be noted 
these results provide evidence for the in- that no reduction of dioxygen occurred 
tramolecular delivery of four electrons on the bare glassy carbon surface in the 
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Scheme 3 


potential domain explored. In contrast, a 
very efficient reduction of dioxygen was 
observed on the Pd° -modified surface as 
can be judged from the relatively posi- 
tive potential location of the process. The 
catalytic process was efficient enough for 
the voltammograms to be polarogram- 
shaped. Furthermore, the plateau currents 
scale up roughly with the concentration 
of dioxygen in solution. Typically, a thin 


Pd° film comprising roughly six monolay- 
ers was used for the experiments shown 
in Fig. 3. Actually, several film thicknesses 
were used and very efficient dioxygen re- 
duction was observed whatever the film 
thickness. Finally, prolonged cycling of 
these electrodes in the presence of dioxy- 
gen did not induce any deactivation of the 
surfaces. 
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Fig. 3 Cyclic voltammetry characterization in (0.4 M 
CHsCOO^ + CH 3 COOH), pH = 5 buffer, ofthe electrocatalytic 
reduction of dioxygen on a thin film of Pd° (six monolayers) 
deposited from 2 on a glassy carbon electrode. Reference electrode: 
SCE; scan rate: 2 mV s _1 . The polarogram-shaped voltammograms 
were obtained respectively with the Pd° film in pure supporting 
electrolyte deaerated with argon; after bubbling air through the 
solution; after bubbling pure dioxygen through the solution. 


The facilitation of the reduction of chlo- 
rate on a suitably modified electrode is 
another example that highlights the prop- 
erties of polymer/catalyst assemblies [119]. 
In Fig. 4(a) are superimposed the cyclic 
voltammograms run with a freshly pol- 
ished glassy carbon electrode in a solution 
containing 10 -3 M [PM 012 O 40 ] 3- in 50% 
(v/v) dioxane /water mixture with 0.5 M 
H 2 SO 4 before and after addition of 10 _1 M 
KCIO 3 ; practically, catalysis begins on the 
third wave of the heteropolyanion and in- 
tensifies just past this wave. A stronger 
catalysis was observed upon slowing down 
the scan rate from 5 to 2 mV s _1 , as 
appears from the inset in Fig. 4(a). In 
contrast, Fig. 4(b) shows the cyclic voltam- 
mograms observed in the same electrolyte, 
except that the heteropolyanion is en- 
trapped in a QPVP matrix. Strikingly, 
catalysis ofthe CIO 3 - reduction now starts 


on the second wave of the heteropolyan- 
ion, even when a potential scan rate as 
unfavorable as 5 mV s -1 is chosen. As ex- 
pected, the inset in Fig. 4b demonstrates 
that the conditions are still more favor- 
able at 2 mV s _1 . In fact, the catalysis is 
maintained on this second wave even at 
20 mV s _1 and moves to the third wave 
only at 100 mV s _1 . A striking enhance- 
ment of the redox catalytic activity of 
[PMoi 2 0 4 o] 3_ entrapped in the present 
polymer is demonstrated. Clear experi- 
mental evidence of this kind, although 
expected on theoretical grounds [ 120 ], is 
scarce in the literature. 

Electrocatalysis of the reduction of the 
CO* has generated an abundant liter- 
ature [94-109]. The distribution of the 
various products obtained upon reduction 
of CO 2 depends crucially on the reaction 
conditions, including electrode materials, 
solvent systems, the nature ofthe metal in 
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Potential vs SCE 

(b) [V] 

Fig. 4 (a) Cyclic voltammetry patterns obtained with a freshly 

polished glassy carbon electrode at a scan rate of 5 mV s ~ 3 in 
10 ~ 3 M [PMo 12 0 4 o] 3 ~ solution in 50% (v/v) dioxane/water 
mixture containing 0.5 M H 2 SO 4 (dotted line); effect of the 
addition of 10 _1 M KCIO 3 to the preceding solution (solid line). 
The inset was obtained at 2 mV s _1 . (b) Cyclic voltammetric 
patterns obtained with a glassy carbon electrode covered with 
QPVP and with [PMoi 2 C) 4 o] 3 ~ entrapped in the polymer. The 
supporting electrolyte is the same as in Fig. 3(a). Dotted line: in 
pure supporting electrolyte; solid line: effect of the addition of 
10 _1 M KCIO 3 . The inset was run at 2 mV s _1 . 
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complexes, and so on. As a consequence, 
all the aforementioned techniques are rou- 
tinely met in the literature: metal-particle- 
modified electrodes, alloys, metal oxides 
and their mixtures, metal complexes. 
Numerous metal complexes have been de- 
veloped to this end, among which tetraaza- 
macrocyclic metal complexes, metal ph- 
thalocyanines, and tetraphenylporphyrins 
have retained much attention. Also, meth- 
ods have been devised to support some of 
those complexes which still prove active 
after deposition on electrode materials. 
Whatever the strategy, sharp selectivity 
toward a single chemical with good cur- 
rent efficiency was claimed only in a few 
examples. 

10.3.4 

A Brief Overview of the Dimensionally 
Stable Anodes (DSA) Story 

Coming now to an industrial aspect, elec- 
trocatalysis in the anodic evolution of 
dioxygen and chlorine was the incentive for 
what can be termed “the greatest techno- 
logical breakthrough of the past 50 years of 
electrochemistry” [77]. Oxide electrodes, 
known as dimensionally stable anodes (DSA) 
worldwide, are essentially constituted of 
a mixture of oxides usually prepared by 
thermal decomposition of the appropriate 
precursors. With high conductivity, good 
chemical stability, excellent electrocatalytic 
properties, low cost, the possibility for 
the electrodes to be constructed in the 
form of nets, meshes, and expanded met- 
als, as well as other beneficial properties, 
DSAs brought about extraordinary success 
in the chlorine industry [30-32, 78, 86 , 
121-124]. Specifically, most active elec- 
trocatalysts for CI 2 evolution are based 
mainly on RuC >2 and IrC> 2 , with substan- 
tial efforts to use spinels also. Additives 


useful to stabilize the electrodes or to im- 
prove selectivity are, for instance, Ti 02 or 
SnC> 2 . While the situation appears satis- 
factory for chlorine evolution, much effort 
continues to be devoted for improving 
dioxygen anodes [77-124]. In parallel, the 
remarkable behavior of DSAs prompted 
their use in more and more varied appli- 
cations, among which their possibilities 
as activated cathodes for hydrogen evolu- 
tion must be emphasized. Such electrodes 
were also used for water electrolysis, and 
chlorate or bromate synthesis. Particularly, 
their use for the redox processes of the 
CO* is worth emphasizing. Very good re- 
views on DSAs exist [30-32, 77, 122, 123] 
and they may be referred to for thorough 
developments. 

10.3.5 

Electrocatalysis by Oxide Materials 
Electrodeposited from Oxometalates 

10.3.5.1 Hydrogen Evolution Reaction 
(HER) 

Keita and Nadjo discovered that, whatever 
the oxometalate in acidic solution, setting 
a potential of —1.2 V versus SCE at the 
working electrode brings about a persis- 
tent modification of the surface [125-142]. 
Typically, the evolution of the electrochem- 
ical behavior of a glassy carbon electrode 
used for such an electrolysis in the pres- 
ence of [PW 12 O 40 ] 3- in 0.5 M H 2 SO 4 are 
sketched in Fig. 5. As a remarkable obser- 
vation, Fig. 5(b), recorded on a much less 
sensitive scale than that used for Fig. 4(a), 
shows that the voltammetric pattern is now 
dominated by the HER. During the mod- 
ification process and after its completion, 
the heteropolyanion waves that are not 
obscured by the HER retain their initial 
peak current intensities. The conclusion is 
that the enhanced kinetics for the HER is 
not due primarily to the surface increase. 
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Fig. 5 Cyclic voltammograms obtained under various conditions 
up to the complete modification of a freshly polished glassy carbon 
electrode. Scan rate: 100 mV s _1 . Electrode surface area: 0.07 cm 2 , 
(a) Curve 1 : background current in 0.5 M H 2 SO 4 with a freshly 
polished glassy carbon electrode. Curve 2: cyclic voltammogram, 
with the same electrode, of [PWi 204 o] 3 ~ in 0.5 M H 2 SO 4 , 
restricted to the third wave. Curve 3: cyclic voltammogram 
obtained in the preceding medium after the electrode has been set 
at —1 .2 V versus SCE for several minutes, (b) Final cyclic 
voltammetric pattern obtained after the completion of the 
electrode modification and showing essentially the HER wave. 
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Electrode materials as diverse as glassy 
carbon, graphite, tungsten, gold, mercury, 
and even platinum, have been derivatized 
successfully, even though the interest on 
some of these electrode materials might 
remain an academic curiosity. After modi- 
fication, all these materials, most of which 
show usually poor kinetics as regards the 
HER, become remarkably good cathodes 
for this process. Several semiconductors 
have also been activated along the same 
lines. The modified electrodes can be 
taken out of the modification bath, rinsed 
thoroughly, and transferred to pure elec- 
trolyte solutions, in which they work as 
excellent and stable hydrogen cathodes. 
The catalytic properties of these modified 
metallic or semiconductor surfaces are re- 
markably stable in solution over a wide 
pH range and also in air. Some elec- 
trodes have been kept for several years 
and still show the same activity toward 
the HER at each use. The gas evolved was 
checked by gas chromatography to be pure 
hydrogen. Its quantity shows, to a good 
approximation, that the whole current was 
used for this reaction. Several duration 
tests for more than 3000 hours without in- 
terruption under galvanostatic conditions 
(1 A cm -2 ) show no drift of the electrode 
potential toward negative values. Detailed 
characterization of the surfaces of these 
new materials is given in the original pa- 
pers. Tables 1-4 gather the main kinetic 
parameters obtained for these efficient hy- 


Tab. 2 Decimal logarithm of exchange current 
densities for the hydrogen evolution reaction, 
measured in 0.5 M H 2 SO 4 , before and after 
derivatization of a glassy carbon surface (C.C., 
Tokai, Japan). The modification has been 
performed with various oxometalates. For other 
conditions, see text 


Modification 
medium 0.5 M 

H 2 SO 4 + 10“ 3 M 
oxometalate 

-\og(i 0 [A cm 2 ] 

No modification 

7. 2-8. 5 

(freshly polished 


glassy carbon) 


°T -K 6 P 2 W 1 7 M 0 O 62 

2. 2-2. 3 

CV 2 -K 6 P 2 W 1 7 MoOg 2 

2. 2-2. 3 

ff-K 6 P 2 W 18 0 6 2 

2. 4-2. 5 

O' - H 3 PW 12 O 40 

2. 3-2.4 

ff - H 4 SiWi 2 O 4 0 

2.0-2.3 

0 / - H 3 PM 012 O 40 

3. 0-3.4 

a - (NH 4 )6H2W 12 O40 

2 . 4-2 . 6 

H 2 WO 4 in 12.4 M HCI a 

2.4-2.5 a 


a The modification medium is 12.4 M HCI. The 
characterization has been performed in 1 M HCI 
(see Ref. 43). 


drogen cathodes. Particularly remarkable 
are their aforementioned stability in time 
and also their resistance to impurities 
and additives that are known to be poi- 
son for hydrogen-evolving cathodes [138]. 
It was shown that the modification 
could be successfully accomplished start- 
ing with a particularly simple chemical 
like Na 2 SC >4 [143]. Also, after entrapment 


Tab. 1 Tafel parameters of the HER on variously modified glassy carbon electrodes. For modification 
procedures, see text. The test solution is 0.5 M H 2 SO 4 


Treatment 

medium 

- \og(i Q [A cm 2 ] 

a 

None (freshly polished glassy carbon) 

7.2 to 8.5 

0.15 to 0.28 

0.5 M H 2 SO 4 

3.97 

0.38 

0.5 M H 2 SO 4 + 10~ 3 M H 3 PW 12 O 40 

1.8 

0.54 
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Tab. 3 Exchange current densities measured in 
0.5 M H 2 SO 4 for the hydrogen evolution 
reaction on various electrode materials, before 
and after derivatization with [SiW^O^] 4- 


Material 

— logpo/A cm 2 ) 
Untreated 

Modified 

Pt 

3 to 3.3 (2.9 to 3.3) 

2.5 to 2.8 

Au 

5.7 (5.9 to 6.7) 

2.5 

W 

6.8 (6 to 7.1) 

2.6 

GC 3 

7.2 to 8.5 (—) 

2 to 2.3 

H g 

11 to 12.7 (11.6 to 12.5) 

3 to 3.9 


Literature results (in parentheses,/ Electroanal. 
Chem. 1972, 39, 163) for untreated materials are 
quoted for comparison 
3 GC: glassy carbon (Tokai, Japan). 

of oxometalates in polymer matrices, the 
reductive modification of the whole as- 
sembly remains possible and generates 
good hydrogen cathodes [41]. In the same 
line, Kulesza and Faulkner [144] deposited 
nonstoichiometric tungsten (VI, V) oxide 
aggregates and used them for the electro- 
catalytic reduction of bromate to bromide. 


eventually followed in strongly acidic me- 
dia, by a homogeneous chemical reaction 
giving bromine. Codeposition of Pt with 
these oxides gives materials that were 
tested for the HER [145]. 

10.3.5.2 Oxygen Reduction 

The preceding reductively modified elec- 
trodes [125-142] have been used for the 
reduction of dioxygen. Figure 6 shows the 
waves obtained in 0.5 M H 2 SO 4 for this 
process on polished glassy carbon and on 
glassy carbon modified in the presence 
of [PWi 2 O 40 ] 3 “. A considerable and spec- 
tacular decrease in overpotential for the 
reduction of dioxygen is observed on pass- 
ing from one electrode to the other. This 
improvement is routine in the range of 800 
to 900 mV and is also observed upon modi- 
fication of the glassy carbon electrode with 
another oxometalate. The positive move of 
the reduction peak potential of dioxygen 
is accompanied by a concomitant growth 
and sharpening of this peak. Remarkably 
enhanced kinetic parameters are obtained 


Tab. 4 Stability tests in various media and Tafel parameters 3 of the HER on various electrode 
materials modified with [PWi 2 C) 4 o] 3 ~. The stability test was performed at 1 A cm ~ 2 


Material 

Ion 

Test 

— log (i 0 [A cm 2 ] 

Slope [mV] 

Comments 



duration 






[hours] 




Pt 

None 

100 

2.58 

97 

Values obtained in 






different experiments lie 
in the range: 

- log / 0 ~ 3 — 2.45, 

Slope ~ 79-100 mV 


Fe 3+ 

105 

2.65 

90 



Cu 2 + 

no 

3 

76 


Glassy carbon 

None 

110 

2.18 

102 

— log / 0 ~ 2.4 — 1 .8, Slope 






~ 90-110 mV 


Fe 3+ 

118 

2.46 

86 



Ni 2+ 

95 

2.6 

78 



Cu 2+ 

121 

2.8 

76 



3 Tafel parameters were measured at the end of the stability test in ~ 0.5 M H 2 SO 4 . 
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-1.0 -0.7 -0.4 -0.1 +0.2 +0.5 

Fig. 6 Cyclic voltammogram obtained in a pH = 0.51 solution 
saturated with dioxygen. Scan rate: 100 mV s _1 . Electrode surface 
area: 0.07 cm 2 . Dotted line: freshly polished glassy carbon 
electrode; solid line: glassy carbon electrode modified in the 
presence of [PW 12 O 40 ] 3- as described in the text. 


as log(r 0 /A cm -2 ) increases from —8.3 for 
unmodified glassy carbon to —5.6 for the 
same material modified in the presence 
of [PW 12 O 40 ] 3- . The results of Kuwana 
etal. [146] obtained in 1 M H 2 SO 4 using 
a platinum-loaded poly(vinylacetic acid)- 
modified glassy carbon electrode, with a 
platinum loading of 25 gg cm -2 , compare 
well with the present experiment. In their 
case, with a medium more acidic than 
that used for the oxometalate-modified 
electrode, the overpotential for dioxygen 
reduction was decreased by ca 800 mV, 
albeit with the use of Pt microparticles. 
Related work using platinized bronzes has 
been published [64]. 

Finally, it is interesting to point out the 
activation of the gassy carbon surface even 
toward the simple outer-sphere electrode 


reaction of hexammine ruthenium(III) 
cation, for which the apparent electron- 
transfer rate constant becomes as high as 
on the gold surface [134]. 

10.3.6 

Electrocatalysis and Analysis 

Chemically modified electrodes are widely 
used for analytical purposes. For instance, 
Nafion-coated glassy carbon electrodes 
modified with diethyldithiocarbamic acid 
or 1 ,4,7, 10, 1 3, 16-hexaoxacyclooctadecane 
(18-crown-6) were used to promote the 
sensitivity in the stripping voltamme- 
try determination of Pb(II), Cu(II), and 
Hg(II). The lifetime of each electrode ex- 
ceeds three weeks [147]. The subject [148] 
is covered in recent reviews, which also 
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simplified reaction mechanism: 

Si(OCH 3 ) 4 + H 2 0 » 

=Si— OH + CH 3 OH ( 6 ) 

=Si— OH + HO— Si= * 

=Si-0-Si= + H 2 0 (7) 


highlight the importance and specificity 
of self-assembled monolayers [149], zeo- 
lites [150-152], and clays [153] and will not 
be further developed here. Even though the 
purpose and the practice are somewhat dif- 
ferent, clay- and zeolite-covered surfaces 
must be retained in the broad family of 
oxide electrodes. The interest aroused by 
the introduction of clay-modified electrode 
by Bard et al. [154] is worth mentioning. 
As examples of mostly or fully min- 
eral assemblies, Keita and Nadjo have 
immobilized a Keggin heteropolyanion, 
a-[(H 2 )Wi 2 C> 4 o] 6- , in clays on electrode 
surfaces [155-157]. Two main types of 
clays that were coated on glassy carbon 
surface were montmorillonite and lay- 
ered double hydroxides. In the case of 
montmorillonite, the acidic protons or 
sodium cations were exchanged by oc- 
tadecyltrimethylammonium cations which 
bind a-[(H 2 )Wi 2 C> 4 o] 6- . The system was 
very stable and was used successfully for 
the electrocatalytic reduction of dioxygen. 

10.3.7 

Some Recent Trends in Electrode Surface 
Modification Techniques 

In addition to classical surface modifica- 
tion techniques (chemisorption, covalent 
bonding, and film deposition) a few other 
methods have become progressively popu- 
lar or have found a renewed interest: here, 
emphasis is put on the sol- gel process and 
the layer-by-layer (LBL) technique. Only a 
few illustrative recent references will be 
cited, from which most of the older exten- 
sive literature can be traced out. 

Typically, the sol -gel approach involves 
mixing an alkoxysilane with water, alcohol, 
and a catalyst such as HC1 or NH 3 . 
The silane hydrolyzes and condenses as 
depicted schematically by the following 


Even though the procedure has been 
known for more than a century and 
a half, the recent interest was aroused 
by the demonstration that various in- 
organic species and organic molecules, 
including proteins, could be incorporated 
and remain active within the porous ce- 
ramic matrix. Specifically, deposition of 
a small volume of the silica sol, dip 
coating, or spin coating are the tech- 
niques of interest to obtain thin films 
on electrode surfaces [158-161]. Various 
nuances of deposition process have been 
devised, depending on the desired proper- 
ties [162-166], The remarkable properties 
that make the sol- gel process attractive are 
summarized in several reviews [167, 168]. 
Appropriately doped materials obtained by 
sol- gel processing have found applica- 
tions in several areas. They have been used 
as pH sensors [169], for the chemical oxi- 
dation of formaldehyde and isobutyralde- 
hyde [170], in the electrochemistry and 
electrochemiluminescence of ruthenium 
complexes [171-173], in the amperomet- 
ric detection of hydrogen peroxide or 
nitrogen oxides like nitrite [174], in the 
reduction of dioxygen [175] in the am- 
perometric detection of insulin [176-178] 
or nicotinamide adenine dinucleotide 
(NADH) [179], and so on. Finally, a recent 
trend is to combine sol-gel processing 
with carbon paste electrodes [180-182]. 

The LBL technique of immobilization 
of substances on a surface has appeared 
rather recently. Decher and coworkers are 
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considered as the pioneers in the devel- 
opment of the procedure [183-186]. In 
short, the procedure consists of electro- 
static deposition of oppositely charged 
polyelectrolytes in the alternate LBL. The 
procedure could be applied successfully to 
a wide range of charged molecules, includ- 
ing globular proteins, enzymes, nanoparti- 
cles, organic and polymeric microcrystals, 
ceramics and clay, and so on. The re- 
markable properties of these films have 
been described in most of the refer- 
ences. Among the wealth of techniques 
used to characterize such films, atten- 
tion is drawn here, for illustration, to 
the electrochemical methods, as applied 
in particular to LBL films containing 
polyoxometalates [187-190]. In using this 
fabrication procedure, the known sensi- 
tivity of polyoxometalates must be kept 
in mind. Detailed discussions of some 
of the encountered difficulties are pre- 
sented in electrochemistry papers: they 
concern the integrity or not of the incor- 
porated polyoxometalate, its interactions 
with the matrix, its electrochemical behav- 
ior within the matrix, the stability of the 
film, and so on. In contrast, several ap- 
preciable applications have already been 
described. Thermochromic properties of 
LBL films doped with [NaP 5 W 3 oOno] 14 ~ 
make them suitable as thermic sen- 
sors [191, 192]; photochromism was de- 
tected with [H 4 S 1 W 12 O 40 ] alternating with 
1 , 10 -diaminodecane used to build a film; 
a pH sensor was constructed by immo- 
bilizing a sandwich-type polyoxometalate, 
[Co4(H 2 O)2P4W30Oii2] 16_ , in a polyally- 
lamine hydrochloride film [193]; proton 
catalytic reduction was observed with an 
LBL film containing [NaPsWsoOno] 14- , a 
feature that designates this assembly as a 
potential hydrogen cathode [194]; finally, 
several examples were described that 
concern the electrocatalytic reduction in 


solution of nitrogen oxides, dioxygen, and 
hydrogen peroxide [194-199]. Also, the 
presence of NADH could be detected by 
Ru(bpy)33 + (bpy = 2,2’-bipyridine) im- 
mobilized in a LBL film [200, 201]. 

10.3.8 

Concluding Remarks 

One of the ultimate goals of electro- 
chemistry is the optimization of electrode 
processes for energy saving and/or for 
carrying out selective or environmentally 
friendly processes. In this context, manip- 
ulation of electrode surfaces to realize a 
chosen purpose has become a necessity. 
The results obtained thus far are promis- 
ing; especially, surfaces modified by oxides 
might show the appropriate durability in 
electrocatalytic processes. 
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11.1 

Introduction 

There has been, and continues to be, 
a widespread interest in the preparation 
and characterization of a novel class of 
molecules called dendrimers, in part, as 
a result of their potential materials and 
pharmaceutical applications [1, 2], These 
molecules are a specific form of highly 
branched globular molecules, consisting 
of a core, self-replicating branching units 
and peripheral surface groups (Fig. 1). 
There are currently two synthetic strate- 
gies for the preparation of dendrimers: the 
divergent and convergent approaches. A 
divergent dendrimer synthesis [3-8] starts 
with a branched core molecule with mul- 
tiple reaction sites. The initial synthetic 
steps proceed through branching reactions 
to prepare a molecule with more reac- 
tive sites than the initial core molecule 
(first-generation dendrimer). The repeti- 
tion of this synthetic pattern results in an 
(often geometric) increase in the number 
of reactive sites with each step (higher gen- 
erations). A final step in the divergent syn- 
thetic approach often involves the modifi- 
cation of the outermost reactive sites with 
chemically active or inert groups, for the 
purpose of deliberately designing the den- 
drimer with specific physical and chemical 
properties and functionalities (Fig. 2). 


The convergent synthesis [9-12], on the 
other hand, starts from these latter sur- 
face groups, with the dendrimer being 
built from the periphery toward a central 
core. After the initial reaction of multi- 
ple surface groups with a branching unit, 
the resulting moiety is then transformed 
into a molecule that is capable of reacting 
with another branching unit. After succes- 
sive repetitions of this reaction scheme, 
several of the resulting molecules (i.e. 
wedges), having reached the desired size, 
are connected to a suitable core to yield 
the targeted dendrimer (Fig. 3). During a 
convergent synthetic procedure, it is easier 
to purify the reaction products, since there 
are, compared to a divergent synthetic ap- 
proach, only a small number of reacting 
sites involved in each step. 

Since the development of modern 
ionization techniques (i.e. matrix as- 
sisted laser desorption ionization, MALDI 
[13-15] and electrospray [16-18]), mass 
spectrometry (MS) has proven to be one 
of the foremost tools for the charac- 
terization of numerous dendrimers. Gel 
permeation chromatography (GPC) has 
been successfully and widely applied to the 
characterization of the molecular weight 
and polydispersity of these dendrimer 
molecules [19]. Furthermore, a great deal 
of information about the structural im- 
purities and defects in dendrimers has 
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Fig. 2 Strategy for a divergent second-generation dendrimer 
synthesis with two repetitive steps ((a) branching reaction, 

(b) activation reaction) and (c) a surface modification reaction. 



Fig. 3 The convergent synthetic approach for second-generation dendrimers: the 
initial modification of a branched oligomer with (c) prospective surface groups, 
and (b) after a series of activation and (a) branching steps, a last branching 
reaction with a suitable core yields the final product (bottom). 



been garnered through the application of 
nuclear magnetic resonance (NMR) spec- 
troscopy studies employing various nuclei 
with emphasis on 1 H, 13 C, 14 N, 19 F, 31 P, 
29 Si [7, 20-23]. 

11 . 1.1 

Dendrimer Properties and Applications 

The physical and chemical properties of 
dendrimers are controlled by the three 
structural moieties (core, branching units, 
and surface groups) of which they are 
composed. A multitude of surface groups 
have been used to modify the periph- 
ery of dendrimers for the purpose of 
giving them tailored characteristics for 
applications as catalysts, light-harvesting 
devices [24-26], and magnetic resonance 
imaging (MRI) [27-29] contrast agents 
among others. Another major area of cur- 
rent interest in dendrimers involves the 
study of the encapsulation properties of 
the higher-generation dendrimers toward 
smaller molecules. The driving force be- 
hind these studies is the possibility of 
dissolving hydrophobic drug molecules in 
an aqueous environment for prospective 
pharmaceutical drug delivery applications 
[30-32]. Host-guest interactions and ex- 
change kinetics of these clathrates have 
been studied with NMR, UV-visible, emis- 
sion, and electron paramagnetic resonance 
(EPR) spectroscopies. Alternatively, encap- 
sulated guest molecules can also become 
permanently confined inside a “dendritic 
box” by modifying the surface of the den- 
drimer with sterically demanding groups. 

11 . 1.2 

Redox-active Dendrimers 

To the authors’ knowledge, the earliest 
example of a dendrimer containing redox- 
active groups was published by Balzani 
and coworkers [33], in which they used 
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the complexation reaction of Ru(II) and 
Os (I I) with bridging ligands to build den- 
drimers with up to 22 metal centers, for 
the purpose of preparing light-harvesting 
supramolecular structures. Later on, den- 
drimers with surface ferrocenyl groups 
were synthesized and characterized elec- 
trochemically, with the intent of preparing 
multielectron reservoirs [34]. In recent 
years, a multitude of dendrimers contain- 
ing a variety of redox centers (organic, 
organometallic, coordination complexes) 
have been prepared, electrochemically 
characterized, and employed for various 
applications. For the deliberate design 
of dendrimers with specific, desired at- 
tributes, redox centers have been localized 
in the dendrimer core, the branching units, 
or on the dendrimer surface (Fig. 4). 

The main objective behind the elec- 
trochemical studies on dendrimers with 
redox-active cores is to understand the 
electron-transfer mechanisms through the 
surrounding dendrimer branches. Den- 
drimers with either transition metal com- 
plexes or purely organic cores as well 
as dendrimers with purely organic center 
units have been prepared and character- 
ized. As mentioned above, dendrimers 
have also been prepared through the for- 
mation of coordination bonds with redox 
centers distributed throughout the den- 
drimer (core, branching units, surface 
groups). Other studies involved the prepa- 
ration of molecules by functionalizing 
an organic core with electroactive moi- 
eties and then subsequently capping the 
electroactive branches with inert surface 
groups. 

Dendrimers prepared with redox-active 
groups at the surface, on the other hand, 
enabled the investigation of intramolecu- 
lar charge-transfer mechanisms between 
these groups. This family of dendrimers 
is unique with regard to its ability to 
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Fig. 4 Examples of three different of redox-active dendrimers: (a) redox-active core, 
(b) electrochemically active branching units, and (c) redox-active peripheral groups. 


undergo electrochemical reactions with 
up to 128 electrons per molecule. Their 
preparation builds upon purely organic 
dendrimers, some of which are the 
commercially available starburst'“ den- 
drimers (poly(amidoamine), PAMAM), 
by attaching redox-active groups to the 
periphery. 

11.2 

Dendrimers with Electroactive Moieties in 
the Core 

There has been considerable investigation 
of dendritic species with redox-active moi- 
eties placed at the center of the molecule. 
Various metal-polypyridyl complexes, as 
well as porphyrins and phthalocyanines, 
have been used as cores around which 
dendrimers have been built. Dendritic 
molecules with metallocenes at or near the 
core and dendrimers with central metal 
clusters have also been synthesized. In 
addition to metal complexes, electroactive 
organic moieties have been placed at the 
cores of various types of dendrimers. The 
rate of electron transfer between redox- 
active species and a working electrode, and 


its relative kinetic facility, are necessarily 
affected by the distance between them. A 
molecule in close contact with an electrode 
surface will generally transfer electrons 
more readily than the same species at a 
longer distance. One might then antici- 
pate that placing a dendritic shell around 
the redox site of interest will result in a 
diminution of the rate of electron transfer, 
and that is indeed borne out in numerous 
experimental examples. While many of the 
examples that follow do not specifically 
involve species immobilized on electrode 
surfaces, it is, nevertheless, instructive to 
understand the behavior of these complex 
molecules in solution. 

11 . 2.1 

Dendrimers with Cores Containing 
Transition Metal or Organometallic 
Complexes 

Kaifer and coworkers have synthesized hy- 
perbranched molecules of various sizes 
that contain a single ferrocene asymmet- 
rically located near the dendrimer core 
[35-37]. The redox properties of these ma- 
terials were investigated and, as would 
be expected, both the diffusion coef- 
ficients of the dendrimers as well as 
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their electron-transfer rate constants were 
found to decrease with increasing molec- 
ular size. Also, the value of the formal 
potential, E °' , for ferrocene oxidation was 
observed to shift in the negative direc- 
tion with increasing dendrimer size; E°' = 
+0.63 V versus Ag/AgCl for the molecule 
with MW = 628 and E°' = +0.54 V ver- 
sus Ag/AgCl for the compound with 
MW = 4725. This indicates that the in- 
terior of the dendrimer stabilizes and is 
favorable for the development of positive 
charges [35]. Dendrimers with oligo-ether 
chains branching off a central ferrocene 
were synthesized by Smith and used 
as redox probes to investigate the char- 
acteristics of the dendritic interior. No 
significant shifts in E°' were seen as a 
function of dendrimer generation, indi- 
cating that, in this case, the ferrocene 
redox couple is not sensitive to changes 
in environment caused by the oligo-ether 
branches [38], 

Three generations of dendritic molecules 
constructed around an Fe(II) bis-terpyri- 
dine core were synthesized by Chow 
et al., and it was found that the Fe(II/III) 
redox process became more (electrochem- 
ically) irreversible as the generation of the 
dendrimer increased [39]. Ruthenium bis- 
terpyridine ([Ru(tpy) 2 ] +2 ) [40] and ruthe- 
nium tris-bipyridine ([Ru(bpy) 3 ] +2 ) moi- 
eties [41, 42] have also been used as 
central anchor points around which hyper- 
branched macromolecules may be created. 

In studies of the [Ru(bpy) 3 ] +2 -containing 
compounds, the metal-localized oxidation 
process (Ru(II/III)) became more electro- 
chemically irreversible as the size of the 
dendritic sheath increased [42]. 

Using a copper phenanthroline com- 
plex as a core, Armaroli et al. synthesized 
a dendritic compound with fullerene- 
functionalized branches. Electrochemical 
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studies showed that there was no elec- 
tronic communication between the copper 
core and the fullerenes, that the den- 
dritic branches hindered electron transfer, 
and that the larger generations of den- 
drimers showed irreversible redox behav- 
ior [43], 

Gorman and coworkers have prepared 
five generations of dendrimers with cores 
composed of iron -sulfur clusters and 
with dendritic branches of varying flex- 
ibility [44, 45]. Electrochemical measure- 
ments were carried out to determine 
diffusion coefficients as well as heteroge- 
neous electron-transfer rates. The rate of 
electron transfer decreased monotonically 
with increasing dendrimer size, and the 
rigid dendrimers exhibited a much larger 
attenuation of the rate of electron transfer 
than the flexible ones [45], 

In an attempt to create biomimetic 
systems, there has been much research 
on designing dendritic molecules with 
porphyrins and similar molecules at 
their cores. Diederich et al. have synthe- 
sized dendrimers with iron and zinc- 
porphyrin cores in an effort to model 
heme and cytochrome c systems [46-49]. 

In these cases, the redox reactions oc- 
curring at the center of the molecule 
were found to be affected by the nature 
of the dendritic foliage. The porphyrin- 
centered (the Zn(II) is not electroactive) 
first oxidation in the zinc-containing den- 
drimers shifts from +1.08 V versus SCE 
for zinc-tetraphenylporphyrin to +0.65 V 
for the largest zinc-porphyrin dendrimer 
(compare to the results of Kaifer [35] 
above). However, for the iron porphyrin 
dendrimers, the Fe(II/III) redox cou- 
ple shifts from —0.23 V versus SCE for 
the smaller dendrimer to +0.19 V for 
the larger one [48]. In a different set 
of experiments, Diederich and coworkers 
demonstrated that increasing the amount 
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of dendritic material around the zinc- nature of the specific dendritic branches 
porphyrin core led to an irreversible utilized [50]. 

electrochemical response from the den- In addition to porphyrins, phthalocya- 
drimers [46]. nines have been placed in the middle of 

Dendrimers with zinc-porphyrin cores hyperbranched molecules. Cobalt phthalo- 

were also investigated by Frechet and cyanines with dendritic branches have 

coworkers. Their results were similar to been synthesized, and the analysis of their 

those of Diederich in that electron transfer electrochemical behavior suggests that 

became more difficult as the size of the electron transfer between the phthalocya- 

dendrimer increased. However, they ob- nine core and an electrode is considerably 

served that the redox processes became hindered by the dendritic structure [51]. 

more irreversible at somewhat smaller Dendrimers with phthalocyanine cores 

dendrimer sizes than in the experiments and electroactive tetrathiafulvalene (TTF) 

by Diederich et al. (Fig. 5). This variation branches have also been synthesized and 

has been attributed to differences in the examined [52]. 



4 


Fig. 5 Cyclic voltammograms of dendrimers with zinc porphyrin in (1 -4) 
core in TBAP-supporting electrolyte solution at 100 mV s -1 . Positive scans 
were performed in a CH 2 CI 2 solution and negative scans were performed in 
DMF solution. From Ref. 50 with permission. 
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11 . 2.2 

Dendrimers with Cores Containing 
Electroactive Organic Species 

There has also been considerable effort 
invested in the study of dendrimers with 
cores composed of electrochemically active 
organic moieties. Conjugated oligothio- 
phene chains of various sizes have been 
modified at their ends with poly(ben- 
zylether) dendrimers. The dendritic end 
groups appeared to stabilize the cation rad- 
ical and the dication species formed from 
electrochemical oxidation, and irreversibil- 
ity of the oxidation of the oligothiophene 
core was noted under circumstances where 
the dendritic end groups were large com- 
pared to the electroactive core [53], A 
somewhat similar system of conjugated 
oligothienylenevinylenes with dendritic 
endcaps of various generations has been 
studied by Roncali and co workers. In con- 
trast to the previously mentioned result, 
they observed no kinetic limitation to the 
electron-transfer process between an elec- 
trode and the core of the dendrimer, even 
for the largest dendrimer endcaps. How- 
ever, none of the compounds used in that 
study had enough dendritic structure to en- 
tirely surround the redox-active core [54]. 
This result suggests that the dendrimer 
can rotate rapidly in proximity to the 
electrode, allowing the redox-active core 
access to the electrode, which would lead 
to the observation of reversible electro- 
chemistry. 

Miller et al. used various oligoimides in 
conjunction with several generations of 
poly(benzylether) dendrons to synthesize 
“molecular dumbells”, the largest of 
which extended 9.6 nm in length. The 
electrochemistry of the imide reduction 
was studied using cyclic voltammetry 
at scan rates up to 100 Vs -1 , and it 
was found that the dendrimer did not 


affect the ease of electron transfer. This 
result, very different from the behavior of 
redox-cored dendrimers containing metal 
centers, might be attributable to the rigid 
nature of the oligoimide, which holds the 
dendrons fixed and far apart, allowing 
better access to the redox core [55]. 

Newkome et al. have synthesized several 
dendrimers which contain a core of four 
diaminoanthraquinone molecules teth- 
ered together. Dendritic branches grow 
from these redox centers, and various 
isomers of the anthraquinones (AQs) 
have been examined. There were dif- 
ferences noted in the electrochemical 
behavior for the various isomers of di- 
aminoanthraquinone, and, as might be 
expected, the electrochemical response 
of the redox centers became more ir- 
reversible as the dendrimer became 
larger [56], 

Fullerenes have been used as 
cores for redox dendrimers, and a 
system of fullerenes functionalized with 
poly(arylacetylene) dendritic branches has 
been studied. However, electrochemical 
experiments indicated no significant 
interaction between the dendrimers and 
the fullerene core [57]. 

11.3 

Dendrimers with Electroactive Moieties in 
the Branches and Throughout the Molecule 

Previously, dendrimers with electroactive 
sites at the core have been discussed, but 
it is also possible to locate the redox-active 
portions of a dendrimer in the “branches” 
of the molecule so that the redox sites are 
dispersed throughout the entire assem- 
bly. Metal-polypyridyl compounds have 
usually been placed throughout the frame- 
work of dendrimers, and a variety of 
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organic electroactive moieties have also 
been utilized. 

11.3.1 

Dendrimers with Transition Metal 
Complexes in the Branches 

In 1992, Balzani and coworkers first syn- 
thesized a series of dendritic molecules 
based on ruthenium polypyridyl com- 
plexes. The use of bridging ligands al- 
lowed the synthesis of molecules with 
up to 22 redox-active species distributed 
throughout [33]. Dendrimers with more 
than one type of metal complex (e.g. 1 
osmium at the core and 21 rutheniums 
surrounding it) have also been synthe- 
sized [58]. The electrochemical behavior 
of such systems is necessarily very com- 
plex, and it has been studied in some 
detail with a variety of techniques. For 
heterometallic compounds, it is possible 
to observe the oxidation of each type 
of metal center separately by differential 
pulse voltammetry [25]. For structures that 
contain a single transition metal type, 
the oxidation of the metal occurs at a 
potential that varies with its connectivity 
and location within the dendrimer frame- 
work [59]. The ligand-based reductions in 
these types of molecules exhibit very com- 
plex electrochemical responses with up to 
26 reductions observed in one case. It was 
noted that the bridging ligands tended to 
be reduced at less negative potentials than 
the terminal ligands [60]. Further stud- 
ies on a similar, six-ruthenium-containing, 
molecule utilizing electrochemical exper- 
iments in liquid SO 2 (which allows very 
positive potentials to be reached) allowed 
the observation of the sequential oxidation 
of the peripheral metal centers at +1.46 V 
versus SCE, the inner metal centers at 
+2.11 V, and the ligands at potentials 
higher than +3.0 V [61]. 


Using ruthenium bis-terpyridyl com- 
plexes, Constable and Harverson have 
synthesized an 18-ruthenium-containing 
dendrimer with six branches extending 
from a central benzene molecule. The elec- 
trochemical response observed was that of 
a single reversible wave for the Ru(II/III) 
oxidation, indicating that there was no elec- 
tronic communication between metal cen- 
ters [62]. Ruthenium bis-terpyridyl units 
were also used by Newkome and cowork- 
ers to form strong linkages within the 
branches of a dendritic molecule. The size 
of the dendrimer was noted to affect the 
reversibility of the Ru(II/III) couple; the 
more sterically hindered dendrimer exhib- 
ited a more irreversible behavior [63]. In 
a different set of experiments, varying the 
placement of the dendritic groups within 
each molecule was shown to have a signifi- 
cant effect on the electrochemical behavior 
of the metal centers. If the dendrons were 
placed at the periphery of the molecule, 
all Ru(II/III) oxidations occurred at the 
same potential. When the dendrons were 
placed toward the interior of the molecule, 
giving it some internal rigidity, two waves 
were observed by cyclic voltammetry for 
the Ru(II/III) process (Fig. 6), indicating 
the possibility of some communication be- 
tween the redox centers [64]. 

Newkome and coworkers also exam- 
ined a dendritic system in which bipyri- 
dine molecules, incorporated into the 
branches, were subsequently complexed 
to yield dendrimers containing ruthe- 
nium tris-bipyridyl moieties dangling 
from the dendritic arms. In the elec- 
trochemistry of these compounds, the 
metal centers, surrounded by a den- 
dritic network, exhibited irreversible ki- 
netic behavior, as is commonly found 
in such systems. On the other hand, 
there are three separately identifiable 
ligand-based reductions, each of the 
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Fig. 6 Cyclic voltammograms of 1 .0 mM solutions of dendrimers modified 


with ruthenium bis-terpyridyl in branches in a 0.1 
200 mV s _1 . From Ref. 64 with permission. 

three bipyridines being electrochemically 
unique [65]. 

Haga and coworkers examined the elec- 
trochemical response from a tetranuclear 
ruthenium polypyridine compound with 
a dendritic morphology, and using cyclic 
voltammetry, they were able to observe 
the central metal of the complex be- 
ing oxidized at a potential about 150 mV 
less positive than that for the oxidation 


M TBABF 4 /AN solution at 


of the three surrounding metal com- 
plexes [66]. This result, the results from 
the electrochemical studies carried out in 
liquid SO 2 [61], and the two waves ob- 
served for Ru(II/III) in the dendrimers 
with more rigid internal structure [64] 
are especially interesting because exam- 
ples of metallodendrimers where all the 
metal centers do not behave as one unit 
are rare. 
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Dendrimers with Organic Redox-active 
Moieties in the Branches 

It is possible to place electrochemi- 
cally active transition metal centers in 
the branches of the dendrimers, and 
many researchers have investigated den- 
dritic macromolecules with organic redox- 
active moieties in the dendritic branches. 
Some of the redox-active organic species 
that have been incorporated include 
quinone and quinone-type compounds, 
TTF, fullerenes, and others. The wide va- 
riety of organic groups that can be used 
in such dendrimers makes this a growing 
area of investigation. 

Bryce and coworkers have synthesized 
dendrimers that contain TTF units at the 
core, at each of the dendritic bifurcations, 
and at the end of each branch. The redox 
properties of these materials were stud- 
ied using thin-layer cyclic voltammetry, 
and it was observed that all TTF units 
were oxidized simultaneously and com- 
pletely giving, for the largest dendrimer, 
the +21 cation radical (TTF' + ) 2 i and the 
+42 dication (TTF +2 ) 2 i [67, 68]. An in- 
tradendrimer aggregation of the cation 
radical redox centers was observed dur- 
ing spectroelectrochemical studies of these 
compounds [68]. 

The redox properties of a macromolecule 
comprised of a fullerene core function- 
alized with a porphyrin and 10 dendritic 
branches of various lengths have been re- 
ported. The dendritic branches were found 
to affect not only the redox properties of 
the fullerene core but also the electrochem- 
ical behavior of the porphyrin; both the 
fullerene- and the porphyrin-based reduc- 
tions shifted to more negative potentials 
as the size of the dendritic branches in- 
creased [69]. 


Armaroli et al. have designed a series of 
dendrimers, mentioned briefly in the pre- 
ceding text, built around a phenanthroline 
core and functionalized with fullerene- 
containing branches. The largest macro- 
molecule synthesized was a dendrimer 
with 16 fullerenes around the central core. 
Electrochemical studies of the fullerene 
reductions indicated that the first was 
electrochemically reversible, whereas the 
second was followed by a chemical reac- 
tion. It was also noted that, when a copper 
ion was complexed with the phenan- 
throline, the larger dendrimers entirely 
shielded it and completely prevented its 
oxidation [43]. 

Heinen and Walder have synthesized 
dendrimers in which the dendritic skele- 
tons are composed of viologen units; 
the largest molecule contains 45 redox- 
active viologens. The dendrimers exhibit 
reversible electrochemical behavior, and, 
when neutral (i.e. doubly reduced), they 
adsorb onto the electrode surface. In- 
tramolecular interactions, the degree of 
which increased with increasing den- 
drimer size, are evident between cation 
radicals on a single molecule [70]. 

An interesting dendrimer containing di- 
arylamino groups at the periphery and 
phenylenediamine groups in the interior 
has been studied by Selby and Blackstock. 
The exterior arylamino moieties are more 
difficult to oxidize than the phenylenedi- 
amines, forming a redox gradient within 
the molecule. Electrochemical oxidation of 
the interior groups occurs in two steps: a 
one-electron step at +0.48 V versus SCE 
and a two-electron step at +0.63 V. Oxida- 
tion of all the diarylamino groups, which 
are not connected to each other, occurs 
at +0.88 V. The authors propose that this 
system could be used for charge storage; 
the oxidation of the interior would be 
promoted by the surrounding arylamino 
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functionalities, and the reduction of the 
oxidized interior would be hindered by 
them [71]. 

Newkome and coworkers have modified 
their diaminoanthraquinone-containing 
dendrimers [56] by incorporating a redox- 
active aromatic nitro-containing group into 
the internal structure of the dendrimer. 
These compounds were studied by cyclic 
voltammetry, and it was determined that 
the presence of the nitro group had a 
significant effect on the redox process of 
the AQ moiety, causing the peak potential 
of the AQ reduction to shift 100 mV in the 
positive direction [72]. 


11.4 

Dendrimers with Redox-active Moieties at 
Periphery 

The peripheral modification of dendrimers 
with redox-active moieties and their char- 
acterization have attracted much attention 
since such dendrimers could have poten- 
tial applications as sensors, catalysts, and 
electron-transfer mediators. As mentioned 
in the introduction, if the redox-active moi- 
eties are incorporated at the core or within 
the backbone structure of the dendrimer, 
the electrochemical activity becomes lower 
for higher-generation dendrimers because 
of the longer distance between the redox- 
active site and an electrode. On the other 
hand, the modification of the dendrimer at 
its periphery with redox centers has advan- 
tages for practical applications, since one 
would anticipate a higher electron-transfer 
rate because of the shorter distance be- 
tween the active sites and an electrode. In 
addition, higher charge transport rates can 
also be expected because of faster segmen- 
tal motion and faster counterion transport, 
since the redox-active moieties are exposed 
to the solution. 
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In this section, the electrochemical prop- 
erties of dendrimers peripherally modified 
with redox-active moieties and their appli- 
cations will be reviewed. 

11.4.1 

Ferrocenyl-modified Dendrimers 

11.4.1.1 Silicon-based Dendrimers 

Ferrocenyl (-Fc) modified dendrimers have 
been the most intensively investigated 
redox-active dendrimers owing to their 
well-defined redox properties. Cuadrado 
and coworkers first reported the syn- 
theses of four silicon-based dendrimers 
(G (generations) 0 and 1) functionalized 
with ferrocenyl residues at the periphery 
(two of them have — NH— in the backbone 
structure and the other two do not) [73]. 
Although detailed electrochemical studies 
were not carried out in this report, all the 
ferrocenyl sites underwent redox reaction 
at the same potential (E°' = +0.56 (GO) 
and +0.55 V (Gl) for dendrimers with 
— NH— and +0.40 (GO) and +0.44 V ver- 
sus SCE (Gl) for the dendrimers without 
— NH— group) in tetra-n-butylammonium 
hexafluorophosphate (TBAH)/CH 2 Cl 2 so- 
lution. The detailed electrochemical prop- 
erties of the two dendrimers without 
— NH— in the backbone structure were 
studied by cyclic voltammetry, differential 
pulse voltammetry, and bulk coulome- 
try in CH 2 CI 2 solution containing the 
dendrimers [74]. The zero and first gen- 
erations of the dendrimers, with four 
and eight ferrocenyl sites, respectively, 
also showed a simultaneous multielectron 
transfer at the same potential. Upon oxi- 
dation, the dendrimers deposited onto the 
electrode, resulting in their modification 
with a film of the dendrimer. The resulting 
films were found to be stable in acetonitrile 
as well as in aqueous electrolyte solution. 

The cyclic voltammogram exhibited small 
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Fig. 7 Cyclic voltammograms 
at different sweep rates for a Pt 
disk electrode modified with a 
film of a silicon-based 
dendrimer functionalized with 
eight ferrocenes at the 
periphery (Cl) in a 0.1 M 
TBAH/CH 2 CI 2 solution. 
Adapted from Ref. 74. 


peak separations (A£ p ) between anodic 
and cathodic peaks (10 mV at 100 mV s _1 ), 
which is typical for surface-confined redox- 
active species and indicates a large value 
of the electron-transfer rate (Fig. 7). 

Cuadrado and coworkers have also syn- 
thesized silicon-based dendrimers (GO and 
1) possessing two ferrocenyl moieties 
linked to a silicon atom at each branch [75]. 
These dendrimers exhibited two well- 
separated and reversible redox waves in 
TBAH/CH 2 C1 2 solution (E\ f = +0.42 and 
E 2 = +0.59 V versus SCE for the GO den- 
drimer with eight ferrocenyl moieties), 
indicating the existence of significant in- 
teractions between the two ferrocenyl sites 
linked together by the bridging silicon 
atom. Additionally, the cathodic counter- 
part of the most positive peak appeared 
to be stripping in shape. This fact in- 
dicated that the dendrimers precipitated 
onto the electrode surface upon complete 
oxidation of the ferrocenyl moieties and 
quickly redissolved into the solution upon 
reduction. They also demonstrated that 
when the dendrimer-modified electrode 
was transferred to pure TBAH/CH 2 CI 2 


solution, the dendrimers remained on the 
electrode surface and exhibited two suc- 
cessive well-defined reversible redox waves 
each with a small AEp (E^ 1 = +0.40 and 
E °2 = +0.55 V versus SCE for the zero 
generation dendrimer, Fig. 8). 

11.4.1.2 Poly(propylenimine) Dendrimers 

Cuadrado and coworkers have synthesized 
and characterized poly(propylenimine) 
dendrimers modified with neutral fer- 
rocenyl (Fc) groups (diammino butane- 
dend-(NHCOFc)„, n = 4, 8, 16, 32, and 
64, for GO, 1, 2, 3, and 4, respec- 
tively, Fig. 4b) [76]. These dendrimers also 
showed a ferrocene-based single redox 
wave at the same potential (E° r = +0.59, 
+0.57, +0.59, +0.58, and +0.59 V versus 
SCE for GO, 1, 2, 3, and 4, respectively) in 
TBAF 1 /CH 2 C 12 solution, pointing to the 
absence of electronic interactions. In ad- 
dition, the anodic peak appeared to be 
diffusional, whereas the cathodic peak ap- 
peared to be stripping in shape. These 
results suggested the deposition of den- 
drimers during oxidation and their abrupt 
redissolution upon reduction. 
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Fig. 8 Cyclic voltammograms 
at different sweep rates for a Pt 
disk electrode modified with a 
film of a silicon-based 
dendrimer (CO) possessing two 
ferrocenyl moieties linked to a 
silicon atom at each branch 
(eight ferrocenes in total) in a 
0.1 M TBAH/CH 2 CI 2 solution. 
Adapted from Ref. 75. 



The details of the deposition and 
dissolution processes of the DAB-dend- 
(NHCOFc)„ in tetra n-butyl ammonium 
perchorate (TBAPJ/CH^Ch solution were 
investigated using the electrochemical 
quartz crystal microbalance (EQCM) 
technique as well as admittance 
measurement of the quartz crystal 
resonator by Takada et al. [77]. It was 
found that the oxidized form of the 
dendrimers deposited onto the Pt electrode 
likely due to the low solubility of the 
salt composed of the oxidized dendrimer 
(ferricenium form) and CIO 4 - anions. 
On the other hand, the reduced form of 
the dendrimers easily redissolved except 
for the first monolayer, which appeared 
to be strongly adsorbed. Further, the 
mass-transfer process, during the redox 
reaction of the adsorbed dendrimers in 
an AN solution, was found to be of 
the anion exchange type. The resistance 
measurements of the quartz crystal 
resonator based on the admittance also 
supported the results obtained by EQCM. 

The adsorption thermodynamics and 
kinetics of DAB-dend-(NHCOFc)„ onto a 
Pt electrode were also studied. The adsorp- 
tion thermodynamics of the reduced form 
of the dendrimers in a CH 2 CI 2 solution 


were well represented by the Langmuir 
adsorption isotherm with a free energy of 
adsorption, whose value was generation 
dependent. The surface coverage of these 
DAB-dend-(NHCOFc)„ increased in the or- 
der DAB-dend-(NHCOFc)64 < DAB -dend- 
(NHCOFc ) 32 < DAB-dend-(NHCOFc)g, 
which suggests that it is likely controlled 
by size. The kinetics of adsorption were 
found to be activation rather than diffu- 
sion controlled and were dependent upon 
the identity of the dendrimer, but inde- 
pendent of concentration. In general, the 
adsorption rate constant was found to in- 
crease with generation. 

1 1 .4.1 .3 Poly(aryl ether)-based 
Dendrimers 

Shu et al. synthesized and characterized 
poly(aryl ether)-based dendrimers mod- 
ified with 3, 6 , 12, and 24 ferrocenyl 
moieties (GO, 1, 2, and 3, respectively) [78]. 
Cyclic and normal pulse voltammetry stud- 
ies suggested that all ferrocenyl sites 
underwent electron transfer at the same 
potential in TBAH/CH 2 CI 2 solution. The 
generations 0 and 1 dendrimers showed 
typical diffusional cyclic voltammograms, 
whereas generations 2 and 3 dendrimers 
showed that the oxidized form of the 
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dendrimers deposited onto the electrode 
surface in CH 2 CI 2 solution. From normal 
pulse voltammetry, the half-wave potential 
( E°' ) was found to be independent of the 
dendrimer generation in the TBAH/AN- 
CH 2 C1 2 (3 : 5) solution (, E° ' « +0.21 V 
versus Ag/Ag + ). 

1 1 .4.1 .4 Other Ferrocenyl-modified 
Dendrimers 

Catalano and coworkers reported the syn- 
thesis and brief electrochemical charac- 
terization of [PtMe 2 Br(bpy-Fc 2 )CH 2 -]„R 
(R = substituted phenyl groups) [79]. In 
TBAH/AN solution, these dendrimers ex- 
hibited a single redox wave centered at 
+0.50 V versus Ag/AgCl corresponding to 
the Fc/Fc + redox reaction. Diffusion co- 
efficients were also determined by a com- 
bination of chronocoulometry and cyclic 
voltammetry using a microelectrode and 
were found to be 1.1 to 1.7 x 10 -6 cm 2 s -1 
in DMF/TBAP solution. 

Astruc et al. have convergently synthe- 
sized and electrochemically characterized 
a phenoltriallyl-based dendrimer with 54 
ferrocenyl residues at the periphery [80]. 
The dendrimer showed a single diffusional 
redox wave in DMF solution, whereas 
it showed a mixture of diffusional and 
surface wave characteristics in CH 2 CI 2 
solution, suggesting deposition of the den- 
drimer onto the electrode. In fact, when 
such a dendrimer-modified electrode was 
transferred to pure TBAH/CFI 2 C 12 so- 
lution, it exhibited surface waves with 
A£ p = 0 at ca. 0 V versus Fc/Fc + . 

11.4. 2 

Cobaltocenyl Dendrimers 

The cobaltocenium-functionalized poly 
(propylenimine) dendrimers (DAB-dend- 
(NHCOCb)„, n = 4, 8, 16, and 32 for 
GO, 1, 2, and 3, respectively), which 


have the same backbone structures as 
the above-mentioned ferrocenyl-modified 
poly(propylenimine) dendrimers, have 
been synthesized and characterized by 
Cuadrado and coworkers [81]. The inter- 
esting point is that although they have 
structures similar to those of the ferro- 
cenyl dendrimers mentioned above, these 
dendrimers possess a positive charge at 
each cobaltocenium site, meaning that 
they could be reduced to a zero net charge 
state. As anticipated from these properties, 
the dendrimers exhibited a singe diffu- 
sional wave during reduction and a sharp 
stripping peak upon oxidation in aque- 
ous NaCl solution (E ot ~ —0.8 V versus 
Ag/AgCl), indicating the deposition of the 
dendrimers upon reduction likely due to 
the low solubility of the neutral-state den- 
drimers. 

The details of the deposition and dis- 
solution processes of the dendrimers in 
TBAH/AN solution were investigated us- 
ing an EQCM technique as well as an 
admittance measurement of the quartz 
crystal resonator by Takada et al. [82]. 
EQCM measurements showed that upon 
reduction of the cobaltocene sites, elec- 
trodeposition of multilayer equivalents of 
the dendrimers took place. The additional 
material gradually desorbed upon reoxida- 
tion so that only a monolayer equivalent 
remained on the electrode surface. Ad- 
mittance measurements of the quartz 
crystal resonator revealed that films of 
the lower dendrimer generations behave 
rigidly, whereas the higher generations ex- 
hibit viscoelastic behavior. 

11.4. 3 

Ferrocenyl- and Cobaltocenyl-containing 
Dendrimers 

Dendrimers in this category, which have 
different functional redox-active residues 
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in the same molecule, are interesting 
since they could exhibit special properties 
and be utilitized in a variety of appli- 
cations. Poly(propylenimine)-based den- 
drimers functionalized with both fer- 
rocene and cobaltocenium (GO, 1, 2, and 
3 with cobaltocenium/ferrocene ratios of 
3:1, 6.5: 1.5, 13:3, and 19:13, respec- 
tively) have been synthesized and charac- 
terized by Cuadrado and coworkers [83]. 
In TBAH/AN solution, the dendrimers 
showed two single and independent redox 
waves corresponding to ferrocene- (cen- 
tered at ca. +0.58 V versus SCE for G2) 
and cobaltocenium-based (centered at ca. 
—0.75 V for G2) redox reactions, respec- 
tively. In addition, it was found that re- 
duction (i.e. at the cobaltocenium centers) 
resulted in the deposition of the neutral 
dendrimers onto the electrode and that 
oxidation resulted in redissolution. When 
dendrimer-modified electrodes were trans- 
ferred to aqueous solution, they exhibited 
two well-defined redox peaks correspond- 
ing to ferrocene ( E° ' = +0.47 V versus 
SCE for G2) and cobaltocenium ( E° ' = 
—0.83 V for G2) residues. 

11.4.4 

Ruthenium Terpyridyl and Bipyridyl 
Dendrimers 

Polypyridyl transition metal complexes, es- 
pecially those of ruthenium(II), have been 
extensively applied in light harvesting and 
information storage, because they exhibit 
a wide range of photophysical and electro- 
chemical properties. Storrier et al. have re- 
ported the synthesis and characterization 
of PAMAM dendrimers functionalized 
with tris (bipyridyl) ruthenium(II) (dend- 
«-[Ru(bpy) 3 ] 2+ ) or bis (terpyridyl) ruthe- 
nium(II) (dend-/7-[Ru(tpy)2] 2+ ) complexes 
(GO, 1, 2, 3, and 4 with 4, 8, 16, 32, 
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and 64 ruthenium complexes, respec- 
tively) [84]. Electrochemical studies of the 
dendrimer complexes in TBAP/AN so- 
lution showed metal-centered (+1.31 V 
versus Ag/AgCl for dend-64-[Ru(tpy)2] 2+ ) 
and ligand-centered (—1.18 and —1.40 V 
for dend-64-[Ru(tpy)2] 2+ ) redox couples, in 
a manner analogous to the behavior of 
the discrete transition metal complexes 
in solution. Using the EQCM technique, 
they found that the higher-generation den- 
drimers deposit onto the electrode upon 
ruthenium-centered oxidation, likely due 
to salt formation with supporting elec- 
trolyte counteranions, and dissolve upon 
reduction. For the lower generations, it 
was suggested that although they do not 
deposit upon metal-centered oxidation, a 
monolayer-equivalent dendrimer film is 
present on the electrode surface. Upon 
ligand-centered reductions, all the den- 
drimers were found to deposit onto the 
electrode, likely due to the lower solubility 
of the electrically neutral dendrimers. 

The thermodynamics and kinetics of 
adsorption of these dendrimers in AN so- 
lution have also been studied using electro- 
chemical methods [85]. All the dendrimers 
adsorbed onto Pt electrodes when the Ru 
sites of the dendrimers have +2 charges 
(i.e. as prepared) and the adsorption ther- 
modynamics are well characterized by the 
Langmuir adsorption isotherm. It was also 
reported that the electrochemically deter- 
mined coverages were significantly larger 
than calculated values determined from 
the dimensions of the metallodendrimers 
obtained from molecular modeling. These 
comparisons suggested that upon adsorp- 
tion the dendrimers appear to compress 
to dimensions significantly smaller than 
those calculated. The kinetics of adsorp- 
tion were found to be activation controlled 
with the rate constant increasing with in- 
creasing dendrimer generation. 
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11.4.5 

Cobalt Terpyridyl Dendrimers 

PAMAM dendrimers functionalized 
with bis (terpyridyl) cobalt(II) ( dend-n - 
[Co(tpy) 2 ] 2+ , G1 and 3 with n = 8 
and 32, respectively), similar to those 
functionalized with dend-«-[Ru(tpy) 2 ] 2+ , 
have been synthesized and characterized 
by the same group [86]. In TBAH/AN 
solution, when the potential was scanned 
between +0.60 and —1.20 V versus 
Ag/AgCl, the dendrimers showed two 
redox couples with formal potential values 
of +0.30 and —0.75 V versus Ag/AgCl, 
which correspond to the Co(II/III) and 
Co(I/II) processes, respectively (Fig. 9b). 
Interestingly, when cyclic voltammetry 
was performed immediately after the 
immersion of a Pt electrode into a 
solution containing dend-«-[Co(tpy) 2 ] 2+ , 
the peak current of the Co(I/II) redox 
process initially appeared to be the same 
as that of Co(II/III) (Fig. 9a). However, 



-1.2 -0.8 -0.4 0 +0.4 +0.8 

E vs. Ag/AgCl 
[V] 


on Surfaces 

the Co(I/II) peaks grew (relative to 
the Co(II/III process) with successive 
potential scanning. This phenomena was 
attributed to a manifestation of faster 
electron self-exchange of the Co(I/II) redox 
couple relative to Co(II/III). The electron 
self-exchange was discussed in terms of 
the Dahms-Ruff equation [87, 88]. In 
addition, the growing of the Co(I/II) 
peak clearly indicated adsorption and/or 
deposition of dend-n-[ Co(tpy) 2 ] 2+ onto the 
electrode surface. 

EQCM studies of the dendrimer com- 
plexes showed that they deposit onto 
the electrode following the Co(II/I) re- 
duction process and that the resulting 
films prevent further deposition upon suc- 
cessive potential scanning. Further, the 
thermodynamics and kinetics of adsorp- 
tion of the dendrimers have been studied. 
These dend-«-[Co(tpy) 2 ] 2+ adsorbed (up 
to a monolayer equivalent) when the Co 
sites have +2 charges, and the adsorption 
thermodynamics are well characterized by 
the Langmuir adsorption isotherm. The 
kinetics of adsorption are activation con- 
trolled and the rate constant is larger for 
the higher-generation (larger) metalloden- 
drimer. 

11.4.6 

Iron Terpyridyl Dendrimers 

Kimura et al. synthesized and char- 
acterized the third- generation PAMAM 
dendrimer modified, peripherally, with 
32 terpyridyl iron(II) complexes [89]. 

Fig. 9 Cyclic voltammograms of a Pt 
disk electrode at 100 mV s _1 in a 0.1 M 
TBAH/AN solution containing 
dend-32-[Co(tpy)2] 2+ (a) immediately 
after immersion and (b) 15 after 
immersion, (c) Cyclic voltammogram of 
[Co(tpy) 2 ] 2+ in solution (other 
experimental conditions are the same). 
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In TBAH/AN solution, the dendrimer 
showed a single reversible redox wave 
at +0.82 V versus Fc/Fc + corresponding 
to the Fe(II/III) process, indicating si- 
multaneous electron transfer at the same 
potential. Unlike the other dendrimers in 
the same generation as mentioned above, 
deposition onto the electrode was not evi- 
dent in this case. 

Diaz et al. have demonstrated a unique 
method of forming highly ordered layers of 
terpyridyl-modified PAMAM dendrimers 
(dend-n- tpy, n = 4, 8, and 32) with Fe 2+ 
or Co 2+ [90]. The films were prepared 
onto a highly oriented pyrolytic graphite 
(HOPG) surface by the interfacial reac- 
tion of the dend-n - tpy dissolved in CH 2 CI 2 
with aqueous Fe 2+ or Co 2+ . Molecu- 
larly resolved STM images of the films 
revealed that they form highly ordered 
2-D hexagonal arrays, which appear to be 
composed of one-dimensional polymeric 
strands with a repeat unit of (tpy-dend-tpy- 
M) v (Fig. 10). 
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11.4.7 

Tetrathiafulvalenyl Dendrimers 

Bryce and coworkers have synthesized and 
characterized a series of aryl-ester-based 
dendrimers surface functionalized with 
TTF with different cores such as 1,3,5- 
substituted benzene [91], 1,4-substituted 
benzene, biphenyl, and phenyl ether [92, 

93]. These TTF-modified dendrimers ex- 
hibited two quasi-reversible redox waves 
+0.45 and E° 2 ' +0.85 V versus 

Ag/AgCl) in TBAH/AN, DMF, or AN- 
CH 2 CI 2 (1:1) solution. They have also 
reported the synthesis and characteriza- 
tion of aryl-ester dendrimers modified 
with both TTF and AQ at the periph- 
ery (generations 1 and 2 with ratios of 
TTF and AQ of 4:2 and 8 : 4, respec- 
tively) [94]. The TTF served as a tz -donor, 
whereas the AQ served as a tt -acceptor. In 
TBAH/AN solution, the TTF-AQ-modified 
dendrimer showed two reversible four- 
electron TTF-centered waves and two re- 
versible two-electron AQ-centered redox 
waves, respectively. 



Fig. 10 Unfiltered STM images of dend-8-tpy/ 
Fe 2+ on HOPG. (a) 304 nm x 304 nm image of 
a well-ordered domain being delimited by the 
substrate’s step edges, (b) 200 nm x 200 nm 
image featuring a highly ordered 2-D hexagonal 



domain. Imaging conditions (scanning mode, 
bias, set-point current): (a) constant height, 
146 mV, 1.5 nA, (b) constant current, 150 mV, 
1.70 nA. Adapted from Ref. 90. 
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11 . 4.8 

Viologenyl Dendrimers 

Baker reported on the synthesis and elec- 
trochemical characterization of a series 
of viologen-functionalized PAMAM den- 
drimers [95]. Tapping-mode AFM mea- 
surements suggested that the oxidized 
form of the dendrimers adsorbed onto 
Au(lll), whereas cyclic voltammetry sug- 
gested that the reduced dendrimers elec- 
trodeposited onto a Pt electrode in 
KNO3 aqueous solution (E°' is ca. 
—0.54 V versus Ag/AgCl for the G4). Us- 
ing the chronoamperometry technique 
with a Pt microelectrode, the diffu- 
sion coefficient and number of elec- 
trons transferred (n) of the dendrimer 
(G4) upon reduction were determined 
to be 1.2 x 10 -6 cm 2 s -1 and 13, re- 
spectively, although NMR and UV-vis 
measurements showed that the fourth- 
generation dendrimer has 19 viologen 
moieties. 


11.5 

Applications 

Because of their electroactive multifunc- 
tionality, redox-containing dendrimers 
have been considered for a number of ap- 
plications. In many cases, the dendrimers 
can be viewed as large switchable reser- 
voirs that can either deliver or accept 
large numbers of charges to or from a 
desired location. It has been suggested 
that this ability could be harnessed for 
many purposes including catalysis, light 
harvesting, and applications as molecu- 
lar devices and information storage sys- 
tems. Since the behavior of the redox 
couples in many types of dendrimers 
is sensitive to their environment, their 
application as sensors for a variety of 


species has been considered. Other ap- 
plications, particular to a single type of 
redox-active dendrimer, have also been in- 
vestigated. 

11.5.1 

Light Harvesting 

Balzani and coworkers have proposed 
the use of dendrimers containing ruthe- 
nium polypyridyl moieties as key elements 
of light-harvesting devices. These den- 
drimers have up to 22 redox centers that 
absorb visible light via a metal-to-ligand 
charge transfer (MLCT) band, and it has 
been determined that energy transfer be- 
tween neighboring units is very fast. The 
goal is to be able to absorb light energy in a 
large number of sites at the periphery and 
have that energy transfer vectorially along 
the framework of the molecule toward the 
center. If the energy collected by many 
metal centers can be transferred all the 
way to a single metal center at the core 
of the molecule, it is possible that a 
charge-separated state could be achieved, 
the redox energy of which could then be 
harnessed [25, 58]. 

11 . 5.2 

Catalysis 

Miedaner et al. have made molecules with 
a palladium core and four palladium phos- 
phine groups within a dendritic structure 
of organophosphine moieties, as well as 
dendrimers with a silicon core and four 
palladium phosphine branches. The util- 
ity of these compounds, when complexed 
with acetonitrile, as catalysts for CO2 re- 
duction, has been studied, and significant 
current enhancements were found when 
the solvent contained CO2. Up to 40% 
of the charge passed was utilized to re- 
duce CO2 to CO [96]. In a very different 
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type of system, Newkome and coworkers 
have synthesized and studied a dendrimer, 
which, at its periphery, contains four 
polyoxometalate clusters, each with the for- 
mula [H 4 P 2 V 3 Wi 5 C> 62 ] 5- - The catalytic 
activity of these materials for the oxidation 
of tetrahydrothiophene was examined and 
found to be significant [97]. 

While they are not strictly redox- 
containing dendrimers. Crooks and Zhao 
have encapsulated platinum and other 
metallic nanoparticles inside PAMAM 
dendrimers. The catalytic properties of 
these materials have been examined us- 
ing cyclic voltammetry, and it was found 
that a gold electrode, modified with large 
hydroxyl-terminated PAMAM dendrimers 
containing clusters of 60 platinum atoms, 
was readily able to catalyze O 2 reduc- 
tion [98]. Similar results have been re- 
ported for palladium clusters encapsulated 
in the same hydroxyl-terminated PAMAM 
dendrimers [99]. 

A pentaerythritol-based dendrimer mod- 
ified with bis-terpyridyl Ru(II) was shown 
to be effective as a catalyst for the electro- 
chemical oxidation of methionine (L-Met) 
and cystine (L-Cys) in aqueous solution 
or the mixed solvent AN-water (12% 
AN) [100]. In this case, the dendrimer 
was mixed with carbon powder and, us- 
ing a sol- gel binder, the carbon electrode 
doped with the [Ru(tpy) 2 ] 2+ -functionalized 
dendrimer was prepared. The oxidation 
peak of [Ru(tpy) 2 ] 2+ was enhanced by the 
addition of L-Met, indicating the electro- 
catalytic effect of the dendrimer. Using 
the composite electrode doped with the 
dendrimer as an amperometric detector 
for flow-injection analysis, a linear calibra- 
tion curve was obtained over the range 
1-10 pM of L-Met in phosphate buffer 
(pH 7.0). A similar calibration curve was 
obtained for L-Cys over the range 1-10 pM 
in phosphate buffer (pH 2.3). 


11.5.3 

Organic LEDs 

Katsuma and Shirota have synthesized 
several dendrimers that contain multi- 
ple phenylamine moieties and investigated 
their potential use as components of or- 
ganic light-emitting diode (LEDs). They 
found that these materials were well suited 
for use in the hole-transport layer of 
multilayer LEDs, exhibiting comparable 
performance to previously utilized mate- 
rials [ 101 ]. 

11.5.4 

Oxygen Carriers 

Dendrimers with porphyrin moieties at 
their centers have been investigated in 
some detail by Diederich and coworkers 
because of the similarity they have with 
biological molecules such as heme and 
cytochrome c [47-49]. Applications such as 
synthetic oxygen carriers for blood replace- 
ment can be envisioned for these materi- 
als. Also, a synthetic analog to cytochrome 
c could be utilized to transfer electrons in 
light-harvesting systems, albeit slightly dif- 
ferent from the ones discussed previously. 

11.5.5 

Molecule-sized Gates 

Composite monolayers of PAMAM den- 
drimers and H-alkanethiols immobilized 
on a Au surface were used as ion gates 
for [Ru(NH 3 ) 6 ] 3 + and [Fe(CN) 6 ] 3 - based 
on electrostatic interactions [102, 103]. It 
should be emphasized that in this case the 
PAMAM dendrimers were not functional- 
ized with redox-active moieties. In aqueous 
solution, containing [Ru(NH 3 ) 6 ] 3+ and 
[Fe(CN) 6 ] 3 ~ and at pH 6.3 where the ter- 
minal amino groups of the dendrimers are 
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pH = 6.3 



pH = 11.0 



protonated, only the negatively charged 
[Fe(CN) 6 ] 3- can penetrate to the electrode 
surface through the composite mono- 
layer because of electrostatic interactions 
(Fig. 11a). On the other hand, at pH 11, 
where the dendrimers are fully deproto- 
nated (in neutral form), both [Ru(NH 3 )< 3 ] 3+ 
and [Fe(CN) 6 ] 3_ can penetrate the film 
(Fig. lib). 

11.5.6 

Molecular Recognition 

DAB-dend-(NHCOFc),, (n = 4, 8 , and 16) 
were found to be able to carry out 
molecular recognition. The DAB-dend- 
(NHCOFc),, were used as guests for 
inclusion complexation by f -cyclodextrin 
(/J-CD) and dimethyl-yd-cyclodextrin (DM- 
yS-CD) hosts [104]. Electrochemical and 
spectroscopic data indicated that the in- 
creased solubility of the hydrophobic 


Fig. 11 Schematic illustration of a 
molecular gate consisting of PAMAM 
dendrimers and n-alkanethiols 
immobilized on a Au surface. Adapted 
from Ref. 102. 

dendrimers in aqueous solution results 
from the inclusion complexation of the 
DAB-dend-(NHCOFc)„ by the CD hosts. 
For the higher-generation dendrimers, 
where more ferrocene residues are packed 
on the surface of the guest, the individual 
complexation events become increasingly 
hampered. 

Similar to DAB-dend-(NHCOFc),,, 
DAB-dend-(NHCOCb),, were also used 
as guests for yS-CD. The positively 
charged DAB-dend-(NHCOCb + )„ are not 
complexed by yS-CD in aqueous solution. 
However, electrochemical reduction to 
the neutral form triggers the formation 
of inclusion complexes between the 
peripheral cobaltocene residues and the 
diffusing yS-CD hosts. 

Ferrocenyl-modified dendrimers were 
found to be able to recognize small in- 
organic anions [105, 106]. From shifts of 
the ferrocene-based peak potentials in 
cyclic voltammetry in CH 2 CI 2 solution 
and shifts of 5 nh in x H NMR, result- 
ing from the titration of the dendrimers 
with the tetrabutylammonium salts of an- 
ions such as H 2 PO 4 ”, HSO 4 - , Cl - , and 
NO 3 - , changes in the apparent association 
constant of the anion with the ferrocenyl 
dendrimer were monitored. 

A similar method was used in silicon- 
based ferrocenyl dendrimers for the recog- 
nition of inorganic anions in CH 2 CI 2 
solution [107]. In addition, this technique 
was also applied to the dendrimer immo- 
bilized on a glassy carbon electrode in AN 
solution, where the dendrimers are insolu- 
ble and where H 2 PO 4 - , HSO 4 - , Cl - , and 
Br - were successfully recognized. 





11 . 5.7 

Mediators 

Silicon-based ferrocenyl dendrimers have 
been used as mediators in ampero- 
metric biosensors for glucose [108]. The 
dendrimers were incorporated into car- 
bon paste electrodes with glucose oxi- 
dase (GOx) and paraffin oil as binder. 
The ferrocene-centered oxidation peak was 
enhanced by the addition of glucose, 
whereas the reduction peak decreased. 
Such behavior clearly indicated that the 
ferrocenyl-modified dendrimers worked 
as mediators for glucose oxidation with 
GOx. The larger dendrimers, which pos- 
sess longer branches, were found to have 
higher efficiency for electron-transfer me- 
diation likely due to higher flexibility. 
Using amperometry, the highest sensitiv- 
ity was found to be 57 mA mM -1 up to ca. 
1.5 mM of glucose. 

PAMAM-based dendrimers partially 
functionalized with various degrees of 
ferrocenyl moieties have also been used 
as mediators for glucose [109]. The den- 
drimers were alternatively deposited with 
periodate-oxidized GOx on a Au electrode, 
forming an electrochemically and enzy- 
matically active multilayered assembly of 
enzyme toward glucose oxidation. The 
electrocatalytic signals from the electrodes 
were shown to be directly correlated to the 
number of deposited bilayers. 

11 . 5.8 

Biosensors 

A PAMAM dendrimer (G4) monolayer 
partially functionalized with both ferro- 
cenyl and biotinamidocaproate residues 
was constructed on a Au electrode and uti- 
lized as a biosensor for avidin on the basis 
of its binding to biotin [110]. The electro- 
chemical response was generated by the 
oxidation of free glucose catalyzed by GOx 
present in the electrolyte. The magnitude 
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of the response was dependent on the de- 
gree of coverage of the sensing surface 
with avidin. The sensor signal decreased 
concomitantly with increasing avidin con- 
centration (coverage) at the dendrimer 
periphery, since the captured avidins block 
the charge transfer between the electrode 
and GOx. The ferrocenyl residues of the 
dendrimer served as electron-transfer me- 
diator for the oxidation reaction of glucose 
catalyzed by GOx. The detection limit of 
avidin was about 4.5 pM, and the response 
was linear from 1.5 pM to 10 nM. 
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12.1 

Introduction 

The electrochemical formations of thin 
films by direct electrolysis of electroac- 
tive film-forming species have been re- 
viewed by many authors. The purpose 
of this section is to review the electro- 
chemical formation of organic thin films 
using electroactive surfactants, which have 
some advantages over the direct electrol- 
ysis method, since the molecular struc- 
ture of the film-forming compounds does 
not change during the electrolysis. De- 
tails of the electrochemical behavior [1, 2], 
the electrochemically controlled release of 
drugs [3], solubilizate [4], and Marangoni 
phenomenon [5, 6] using electroactive sur- 
factants are not included in this section. 
The origin of this method is based on the 
fact that the micelles formed by cationic 
surfactants with a ferrocene group (FTMA 
and FDDA, Fig. 1) can be broken up into 
monomers when the surfactants are chem- 
ically or electrochemically oxidized [1, 2]. 
Hoshino and Saji extended this phe- 
nomenon to the formation of organic thin 
films using these surfactants [7]. The mi- 
celles formed by the surfactants are broken 
up into monomers when the surfactants 
are electrochemically oxidized; a solubi- 
lizate is released from the micelles and 
then deposited onto the electrode (Fig. 2, 


mechanism A). Later, the preparation of 
organic pigment thin films using nonionic 
surfactants with a ferrocene group (FPEG, 
Fig. 1) was reported [8, 9]. These studies 
showed that organic pigment particles are 
not actually incorporated into the micelles 
formed by the surfactants, but are dis- 
persed by having the surfactant adsorbed 
onto the particle surface (Fig. 2, mecha- 
nism B). Formation of the film on a base 
metal using this surfactant was not possi- 
ble due to its oxidation at the electrolysis 
potential of the film formation (+0.5 V 
versus saturated calomel electrode (SCE). 
In 1994, Saji et al. reported the forma- 
tion of a thin film using a surfactant with 
an azobenzene group (AZPEG, Fig. 1). 
This surfactant loses its amphiphilic func- 
tion by reduction and forms on a base 
metal, for example, copper, nickel, or alu- 
minum. Films were formed by immersion 
in the solution without electrolysis [10]. 
Suzuki et al. reported application of a 
surfactant with an anthraquinone group 
(AQPEG, Fig. 1) for the formation of an 
organic thin film, which was prepared 
by electrochemical reduction under alka- 
line condition with stirring [11]. Details of 
the formation of organic films using the 
surfactants with a ferrocene or an azoben- 
zene group are described in the following 
sections. 
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Fig. 1 Molecular structures of 
electroactive surfactants. 


Tab. 1 Half-wave potential (E 1 / 2 ) and critical 
micelle concentration (cmc) of electroactive 
surfactants 

Surfactant E1/2 cmc [mM] References 
versus 
SCE [V] 

FDDA +0.43 5 x 1CT 1 2 

FTMA +0.15 7 x 10 -2 1 

FPEC +0.28 8 x 1CT 3 8 

AZPEC — 0.2 a 7 x 10 -6 10 

AQPEG -0.67 (pH 12) 0.9 11 

AZPEG (n = 21.4) irreversible reduction peak. 

„(OCH 2 CH 2 ) m OH 

AQPEG (n = 8, m= 13.5) 


12.2 

Formation of Organic Thin Films Using 
Surfactants with a Ferrocene Croup 

Table 1 shows the physicochemical prop- 
erties of the surfactants with a ferrocene 
group. The critical micelle concentration 
values of these surfactants depend on the 
type of hydrophilic group and are in the 



formation using electroactive 
surfactants. 


order FPEG < FTMA < FDDA [9]. Cyclic 
voltammograms of these surfactants in 
aqueous solution show a one-electron re- 
versible oxidation step at approximately 
+0.2 ~ +0.4 V versus SCE, which is close 
to that of ferrocene (Table 1). 

Hoshino and Saji [7] first reported 
the preparation of azo-dye thin films 
using FTMA. These films were pre- 
pared by controlled-potential electrolysis 
of the FTMA micelle aqueous solution 
solubilizing the azo dye at +0.3 V versus 
SCE. The azo-dye molecules exist as sol- 
ubilizate in the micelles, and are then 
released from the micelles and deposited 




Mechanism A 


Mechanism B 
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FPEG (n = 12.3) FPEG + (n= 12.3) 

Fig. 3 Redox reaction of FPEG [9], 


onto the electrode (Fig. 2, mechanism A). 
Results of the film formation under vari- 
ous conditions were explained on the basis 
of a solubilization and adsorption equilib- 
rium for the azo dye released from the 
micelle [12]. The film was formed in two 
steps: a layer of globular nuclei was formed 
on the electrode, followed by the growth of 
needlelike crystals on the layer. Formation 
of the thin films of metal phthalocyanines 
(MPc) using FPEG was reported by Saji 
and coworkers [8, 9, 13, 14]. These studies 
showed that MPc particles are dispersed by 
the surfactant adsorbed onto the particle 
surface (mechanism B). The agreement of 
the absorption spectra and X-ray diffrac- 
tion patterns among the CuPc powders, 
their micellar solutions, and their films in- 
dicated that the crystalline form of CuPc 
is maintained throughout the film prepa- 
ration process [13]. Thin films of MgPc 
and AlPcCl prepared using FPEG exhibit 


an intense near-infrared absorption [14]. 
Thin films of a wide variety of organic 
compounds were prepared using FTMA 
and FPEG [9] (Tables 2, 3). The crystal size 
of the film increased with the electrolysis 
time in the case of the film prepared, us- 
ing FTMA, and is the same for the added 
particles in the case of the film prepared 
using FPEG [9]. The adsorption isotherm 
of FPEG on the pigment particle surface 
shows that they form monolayers at sat- 
uration, which supports the fact that the 
film formation proceeds through mecha- 
nism B [9]. 

12.3 

Formation of Organic Thin Films Using 
Surfactants with an Azobenzene Group 

A cyclic voltammogram of AZPEG in 
a 0.1 M HC1 aqueous solution shows 


Tab. 2 Results of film-formation studies of organic compounds incorporated in the micelles in 
2 mM FTMA —0.2 M Li 2 SC >4 aqueous solution 


Compound 

C S0 I [l jM ] 

Appearance a 

References 

Sudan 1 

39 

Orange 

9 

Para Red 

5 

Red 

9 

Naphthyl Red 

410 

Yellow 

9 

Naphthol AS 

36 

White 

9 

Spyropyrane 

27 

White 

9 

N-Vinylcarbozol 

420 

White 

9 

Cetylalcohol 

180 

White 

9 

Dioctadecyl-di methyl-ammonium 

63 

White 

9 

1 ,1 '-Didodecyl-4,4’-bi pyridi n i u m di bromide 

800 

White 

17 


a AII of the films in this table are opaque. 






760 | 72 Electrochemical Formation of Organic Thin Films 

an irreversible reduction step at approx- 
imately —0.1 ~ —0.3 V versus SCE [9]. In 
an acidic solution, the reduction of azoben- 
zene is a four-electron reduction process 
with cleavages of the nitrogen -nitrogen 
bond, which leads to the formation of ani- 
line derivatives [15]. 

The films prepared using AZPEG 
were formed under an acidic condition 
(pH 5s 3), which was explained by the loss 
of its ability to disperse particles due to 
the acid-catalyzed formation of the ani- 
line derivatives from hydrazobenzene [15]. 
Thin films of pigment particles were pre- 
pared on base metal plates by immersing 
them in the dispersion without electroly- 
sis. Such electroless plating was explained 
by the chemical reduction of AZPEG 


with the base metals, since the standard 
potentials of the base metals are more neg- 
ative than that of AZPEG [9]. Thin films of 
pigment particles were prepared on noble 
metals and indium tin oxide (ITO) plates 
by immersing both the noble metal (or 
ITO) and aluminum plates in the above 
dispersion, where these two plates were 
short circuited with a metal clip [16]. Such 
a technique has been used in the field of 
metal plating. 

12.4 

Scope of Film-forming Compounds 

This method enables the preparation of 
thin films from a wide variety of organic 


Tab. 3 Results of film formation of pigments using electroactive surfactants 


Pigment 

Particle size [pm] 

Surfactant 

Appearance 

References 

Disazo Yellow AAMX 

_ 

AZPEG 

Yellow 

18 

Disazo Yellow HR 

- 

AZPEG 

Reddish yellow 

18 

Cromophtal Yellow CR 

- 

AZPEG 

Reddish yellow 

18 

Perylene Vermillion 

0. 2-0.4 

FPEG, AZPEG 

Red 

9, 18 


0.03-0.04 

FPEG, AZPEG 

Red 

9, 18 

Dianthraquinoyl Red 

0.02-0.04 

FPEG, AZPEG 

Red 

9, 18 

Perylene Red 

O 

1 

O 

Js*. 

FPEG, AZPEG 

Red 

9, 18 

Perylen Maroon 

0.05-0.1 

FPEG, AZPEG 

Dark red 

9, 18 

Perylene Scarlet 

0.2-0. 4 

FPEG, AZPEG 

Red 

9, 18 

Pyranthrone Red 

0.2-0. 3 

FPEG, AZPEG 

Red 

9, 18 

Rhodamin B Lake 

- 

FPEG 

Reddish purple 

18 

Dioxazine Violet 

- 

FPEG, AZPEG 

Bluish purple 

18 

Indanthron Blue 

- 

FPEG, AZPEG 

Reddish blue 

9, 18 

Carbon Black 

- 

AZPEG 

Black 

19 

Copper phthalocyanine 
(ff-form, a-CuPc) 

CN 

O 

1 

d 

FPEG, AZPEG 

Reddish blue 

13, 18 

,6-CuPc 

CN 

d 

l 

d 

FPEG, AZPEG 

Greenish blue 

13, 18 

e-CuPc 

0.05-0.1 

FPEG, AZPEG 

Reddish blue 

9, 18 

H 2 Pc 

CN 

d 

1 

d 

FPEG, AZPEG 

Yellowish green 

9, 18 

CuPcChe 

0.05-0.1 

FPEG, AZPEG 

Bluish green 

9, 18 

CuPcChBrio 

CN 

d 

1 

d 

FPEG, AZPEG 

Yellowish green 

9, 18 

MgPc 

- 

FPEG 

Blue 

14 

AlPcCI 

- 

FPEG 

Blue 

14 

CoPc 

- 

FPEG 

Blue 

20 

NiPc 

- 

FPEG 

Blue 

20 

FePc 

- 

AZPEG 

Green 

19, 20 





compounds (Tables 2 and 3). Table 4.6.2 
lists the organic compounds that formed 
films via mechanism A. Generally these 
compounds are soluble in organic solvents 
and are solubilized in a micellar aqueous 
solution. In the case of some compounds 
which have a relatively high solubility, their 
films grow thicker than 1 pm. 

Table 3 lists the organic compounds 
for which film formation occurs through 
mechanism B. All of these organic com- 
pounds are particles and satisfy the follow- 
ing conditions: 

1. Hydrophobic and not soluble in water. 

2. Size of the particles is submicron; 
precipitation of the particles more 
than 1 pm predominates over Brownian 
motion. 


12.5 

Rate of Film Growth 

The amount of the film prepared through 
mechanism A was proportional to that 
of the electricity through the electrode, 
which was explained by the dependence of 
the growth on the amount of compound 
released from the micelles [9] . On the other 
hand, the amount of film prepared through 
mechanism B was not proportional to 
the electricity that passed through the 
electrode. The deposition of particles 
occurs by the desorption of the surfactant 
from the surface coverage of the pigment, 
and free surfactant does not contribute 
to the film formation [9, 21]. The film 
thickness of the film increases with 
immersion time. The thickness of the 
film increased to more than 10 pm during 
an overnight immersion of the substrate, 
which was explained by the penetration 
of the surfactant into the film due to the 
existence of a small space in the film [9]. 
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12.6 

Properties of Film 

The films prepared through mechanism B 
have a uniform thickness and are com- 
posed of particles [9, 13]. Size and shape 
of these particles are the same as those 
used for the preparation of the dispersion. 

Most of these films are transparent. The 
absorption spectrum of the film from the 
dispersion of the /i-type CuPc was very 
similar to that of the /3-type CuPc film pre- 
pared by vacuum sublimation [13], which 
means that control of the crystalline struc- 
ture of the film is possible. 


The preparation of color filters for liquid 
crystalline displays (LCDs) using FPEG 
has been tried [22]. These color filters were 
prepared using the dispersion containing 
two or three pigments that touch the LCD. 
A phthalocyanine photoelectrochemical 
cell prepared using FPEG was found 
to be more photoactive compared with 
that prepared by a vacuum sublimation 
technique [23]. Coloration of the metal 
plating was studied by electrochemical 
deposition of Ni on the substrate covered 
with a pigment film [19, 24]. The deposited 
Ni occupies the space between the pigment 
particles and the substrate. Electroless 
plating of organic pigments onto a metal 
fine particle was also reported [25], 

A few methods for the photochemi- 
cal deposition of pigments have been 
reported. Harima et al. reported the 
photochemical deposition of pigments 
onto a TiC >2 substrate [26], Photogener- 
ated holes from the valence band edge 
oxidize the FPEG. Mizuno etal. reported 


12.7 

Applications 
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the photoinduced patterned film forma- 
tion of organic pigments using tris(2,2’- 
bipyridine)ruthenium (II) and FPEG [27]. 
The photoinduced oxidation of FPEG 
leads to deposition of the pigments. Ya- 
manouchi et al. reported the photochemi- 
cal formation of pigment thin films and 
photoimages on a nonconductive sub- 
strate by the photochemical reduction of 
AZPEG [28]. 
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13.1 

Introduction 

Connecting an electrode with a redox 
enzyme and controlling the dynamics 
of the resulting system is an impor- 
tant and an actively pursued objective. 
It indeed allows the transduction of spe- 
cific chemical events taking place at the 
prosthetic group of the enzyme into easy- 
to-use electric signals or, conversely, to 
trigger and control enzymatic reactions 
by easy-to-manipulate potential and cur- 
rent variables. Applications may concern 
biosensors and preparative-scale transfor- 
mations [1-6]. 

Although the construction of artificial 
protein architectures well defined at a 
molecular level has only been reported 
recently, enzyme immobilization at elec- 
trodes has been extensively investigated 
during the last 30 years for electrocatalytic 
purposes. The main steps involved in the 
evolution of concepts and techniques in 
the field were as follows. 

In first approaches, the electrodes were 
covered with a polymeric membrane of 
macroscopic size, the enzymes being em- 
bedded within the porous matrix [1, 7, 8]. 
Such thick films are often unduly referred 
to as multilayered films. In fact, there are no 
distinct layers in these films, whose thick- 
ness is usually larger than 10 pm. The 


main immobilization procedures were en- 
trapment in organic gels or sol gels and 
cross-linking by means of bifunctional 
reagents like glutaraldehyde, adsorption, 
ionic exchange, or covalent binding onto 
the inert matrix. Several drawbacks have 
been met with the resulting structures: de- 
activation and/or leak of the enzyme and 
large diffusion barriers both for the elec- 
tron carriers and the substrates. Also, the 
thickness of the membrane is generally too 
large to allow an adequate optimization of 
the coupling between the enzyme activity 
and the electrochemical reaction even if 
the mediator shuttling the electrons be- 
tween the electrode and the enzyme sites 
is free to move through the structure. 

A second contemporary approach used 
the chemical modified electrode technol- 
ogy [9, 10] with covalent linking of the 
enzyme onto the electrode surface. One 
such approach consisted in strong oxida- 
tion of carbon surfaces so as to generate 
the maximal amount of carboxylic groups 
to be used for the formation of peptide 
bonds with accessible amino groups of 
the enzyme [11-13]. High catalytic cur- 
rent densities may thus be obtained with 
soluble mediators. The main disadvantage 
of such procedures is the existence of large 
background currents resulting from the 
strong oxidative treatment of the surface 
and the difficulty in controlling the amount 
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of enzyme grafted onto the electrode sur- 
face. Grafting of appropriately substituted 
phenyl radicals onto carbon surface by 
electrochemical reduction of the parent 
diazonium cations, followed by coupling 
of the substituent with the enzyme, is an 
alternative surface derivatization strategy 
[14]. Unfortunately, only a small percent- 
age of the enzyme survives the attachment 
procedure. 

If the presence of a soluble mediator 
shuttling the electrons between the elec- 
trode and the enzyme is to be avoided, 
other modes of “wiring” [15] the enzyme 
to the electrode ought to be sought after. 
One may think of direct electron trans- 
fer between the electrode and the enzyme 
at the adsorbed state. It has indeed been 
shown that small redox proteins, such as 
cytochrome c or ferredoxins may show 
an unmediated reversible electrochemical 
response when the electrode surface is 
adequately prepared [16-19]. There have 
been few reports of direct electron transfer 
with redox enzymes [20, 21]. With flavoen- 
zymes, the observed signals are likely to be 
those of the free flavin deriving from the 
denaturation of the enzyme [21]. The high 
probability of denaturation of the adsorbed 
enzyme prevents the viability of this mode 
of electron transport in most cases. 

“Wiring” [15] was thus rather performed 
by means of immobilized redox centers 
[22, 23], the connection between them and 
the electrode and between them and the 
enzyme involving electron hopping [24, 25] 
between adjacent electron donor/electron 
acceptor moieties. Other wiring systems 
have been used such as redox hydrogels 
[15, 26, 27], conducting salts [28, 29], and 
functionalized polypyrroles [30-34]. It is 
noteworthy that the polypyrrole films thus 
built are, in most cases, not used within 
their range of electronic conductivity and 


that the presence of an additional redox 
electron shuttle is required. 

Molecular recognition between biomole- 
cules is another strategy that has been used 
to deposit assemblies of redox enzyme on 
electrodes. It has led to the construction of 
true monomolecular layers and of spatially 
defined multimonomolecular structures. 
The dynamics of these systems has been 
fully characterized and the activity of the 
deposited enzyme tested quantitatively, 
which has been very seldom the case with 
the systems depicted in the preceding 
text. For this reason, the following 
sections focus on these structures. Besides 
describing the construction procedures, 
emphasis is laid on the detailed analysis 
of the catalysis responses and on the 
mechanisms it allows one to uncover. As 
a prelude to such kinetic analyses, the 
catalytic responses of a redox enzyme with 
a one-electron mediator in solution are 
first examined. 

13.2 

Catalytic Currents from a Redox Enzyme 
and a One-electron Mediator in Solution 

13 . 2.1 

Derivation of the Enzyme Kinetics from 
Cyclic Voltammetric Experiments 

For the sake of simplicity, we con- 
sider an enzymatic reaction where the 
Michaelis-Menten kinetics involves only 
the oxidized form of the enzyme as 
sketched in Sch. 1. As is often the case 
with redox enzymes, two electrons are ex- 
changed in the reaction of the enzyme with 
one-electron cosubstrates. The subsequent 
analysis may be adapted with no difficulty 
to other reaction schemes. 

Taking as example glucose oxidase with 
a ferricenium/ferrocene couple serving as 
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Scheme 1 



Solution 


R 



S: substrate, R: product, 

OE: oxidized form of the enzyme, 

OES: its complex with the substrate, 

RE: reduced form of the enzyme, 

P: reduced form of the mediator (cosubstrate), 
Q: oxidized form of the mediator (cosubstrate). 


Fig. 1 Cyclic voltammetry of the 
catalysis of the electrochemical 
oxidation of /S-D-glucose by glucose 
oxidase with ferrocene methanol as the 
cosubstrate. Dashed line: ferrocene 
methanol (0.1 M) alone; the same trace 
is obtained in the presence of glucose 
oxidase (27 pM) with no glucose 
present or in the presence of glucose 
(0.5 M) with no glucose oxidase 
present. Dotted and full lines: ferrocene 
methanol (0.1 mM) + 
glucose oxidase(27 pM) + glucose 
(0.5 M) at pH 4.5 (acetate buffer) and 
6.5 (phosphate buffer), respectively. 
Ionic strength: 0.1 M. Scan rate: 

0.08 V sec -1 . 0.07 cm 2 glassy carbon 
disk electrode. Temperature: 25 °C. 



cosubstrate, Fig. 1 shows a typical cyclic 
voltammetric response obtained in the 
presence of glucose and of ferrocene 
methanol [35, 36], Starting from the 
reversible wave of the cosubstrate, the 
addition of glucose oxidase and glucose 
to the solution results in an increase of 
the anodic current, a loss of reversibility 
of the wave, which takes a plateau shape 
typical of a catalytic process [37] in which 


the mediator is regenerated as a result of 
the enzymatic reaction. 

The catalytic responses may be analyzed 
in more details by extension of previous 
treatments of cyclic voltammetric catalytic 
currents [37, 38] so as to dispose of a 
tool to be used for extracting the pertinent 
rate constants from the experimental data. 
The two members of the cosubstrate 
couple, P and Q, diffuse to and from 
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the electrode, while participating in the 
enzymatic reaction. It follows that, in 
the framework of the linear diffusion 
approximation, the concentrations of P 
and Q obey the following partial derivative 
equations. 


9[P] j? 9 2 [P] 

3 1 dx 2 


9[Q] r 9 2 [Q] 

3 1 dx 2 


+ 2k 3 [RE][Q] 
- 2k 3 [RE][Q] 


( 1 ) 

( 2 ) 


with the following relations: 

for t = 0, x > 0 (initial conditions) and for 

.r = oo, t > 0 (bulk of the solution): 

[P] = C®, [Q] = 0 (Cp: total concentra- 
tion of cosubstrate introduced into the 
solution) and, for .r = 0, t > 0 (electrode 
surface): 


[P] = [Q] exp 




(3) 


(Nernst law, expressing the equilibrium 
at the electrode surface, £p/q,: standard 
potential of the cosubstrate) 

i /3[P]\ = ,/9[Q]\ 

FSD V 9a' Av= 0 V 9x ) x=0 

(4) 

(conservation of the mass fluxes at the 
electrode, i: current flowing through 
the electrode, S: electrode surface area, 
D : diffusion coefficient, assumed to be the 
same for P and Q). 

It should also be taken into account that 
the electrode potential is scanned linearly 
with a scan rate v, starting from a potential, 

En 

E = E[ + vt (5) 


and then back, at the same rate, after 
inversion at a potential Ef. 


E = 2£f — E\ — vt (6) 

It follows that the sum of the P and Q 
concentrations is constant throughout the 


diffusion layer at any time: 


[P] + [Q] = cl 


( 7 ) 


Applying the steady- state approximation 
to the various forms of the enzyme leads to 


[RE] = 




*3[Q] 


1 


* 3 [Q] k2 



with k re( j = 


k\k 2 

k - 1 + k 2 


( 8 ) 


(C®: total concentration of enzyme, C®: 
bulk concentration of glucose, glucose is 
assumed to be present in excess). 

We may thus formulate the diffusion- 
reaction problem by a set of dimensionless 
equations in which only the species Q is 
involved, namely: 

9 ^ = 9 2 _q__ Xq 
dr dy 2 1 + aq 

With qy> 0,r=0 = </y=oo,r>0 = ^v=0,t>0 

= 1/[1 + exp(— £)] 

t = Fv/RT is a dimensionless time 
variable, the timescale of the experiment 
being controlled by the scan rate v. 

f = (F/RT)(E — £p^q) is a dimension- 
less potential variable, taking as origin the 
standard potential of the cosubstrate cou- 
ple. u = —(F/RT)(Ei — defines the 

location of the starting potential on the § 
scale. In practice, the scan starts before 
the foot of the wave so as to render the 
current-potential response independent 
of the exact value of £; (u —»■ oo). 

y = x^/(Fv/DRT) is a dimensionless 
space variable, normalized against the 
thickness of the diffusion layer which 
is a function, not only of the diffusion 
coefficient but also of the scan rate (the 
larger the scan rate, the larger the diffusion 
rate, the thinner the diffusion layer). 
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q = [Q]/Cp is a dimensionless expres- 
sion of the concentration of the oxi- 
dized form of the cosubstrate, normalized 
against the cosubstrate bulk concentration. 
It varies between 0 and 1 throughout the 
diffusion layer, its value at the electrode 
surface reaching 1 when the potential is 
made more positive than the cosubstrate 
standard potential. 

The current flowing through the elec- 
trode may be derived from the gradient of 
q at the electrode surface: 



the plateau current. 



being the peak current of the cosubstrate 
alone and thus 



The kinetics of the enzymatic reaction is 
reflected in the current-potential response 
through two dimensionless parameters. 



showing that the plateau current is inde- 
pendent of the scan rate. It is proportional 
to the cosubstrate concentration and to the 
square root of the enzyme concentration. 
The concentration profile of Q is confined, 
at the level of the plateau current, within 
a reaction layer, the thickness of which, /x, 
may be derived from the above expression 
of the plateau current: 


In all the cases, the current-potential 
curves tend toward a plateau as the poten- 
tial becomes more and more positive. For 
small values of X, the plateau is preceded 
by a peak, which eventually disappears as X 
increases (Fig. 1). The anodic trace is then 
S -shaped and the reverse trace is super- 
imposed on the forward trace (the curve 
obtained at pH 6.5 in Fig. 1 is close to this 
situation). Conversely, the plateau height 
becomes less and less as compared to the 
peak height as X decreases. 

The very fact that a plateau is reached 
implies that a steady state has been 
reached by mutual compensation of the 
catalytic reaction and diffusion. Under 
these conditions, dq/dr = 0 in Eq. (9), 
which may then be integrated, leading to 
the following closed-form expression of 



(15) 


In the experiments summarized in Fig. 1, 
the thinnest reaction layer, which corre- 
sponds to the largest plateau current, is of 
the order of 20 pm, that is, ca 2000 times 
the size of the enzyme, indicating that such 
experiments sense enzymes dispersed in 
the solution rather than a layer of enzyme 
confined onto the electrode surface. The 
peak current increases with the scan rate 
up to a situation where the plateau current 
becomes negligible (under these condi- 
tions, the current response is governed 
solely by diffusion, the enzymatic reaction 
being too slow to compete) . 
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One could analyze the experimental 
data through the plateau current but this 
strategy would restrict artificially the range 
of applicability of the method, especially 
for slow catalytic reactions for which the 
peak current is a more revealing quantity. 
The variations of the ratio / p / ( p (where t p is 
the peak current if there is a peak and the 
plateau current if the peak has vanished 
into a plateau) with the two parameters 1 
and a may be obtained by finite difference 
resolution of Eq. (9) with the attending 
initial and boundary conditions. They are 
summarized in Fig. 2. 

When X —*■ oo, that is, when reaction (3) 
is fast when compared to diffusion, the 
peak vanishes and the plateau current 
is proportional to y/X (Eq. 12) and is 
independent of the scan rate (Eq. 14). If, 
in addition, a —*■ 0, then 


lr. 


plateau 


0 


0.446’ 


that is. 


P P 

ip = i plateau = FSVDC^lkiC" (16) 


This situation (X — »■ oo, a —*■ 0) is usually 
designated as “first-order conditions”, 
in the sense that the plateau current 
is proportional to the cosubstrate bulk 
concentration. 


If a —*■ 0, but X has no extreme value, 
Eq. (9) simplifies into 


3 q 
dr 



(17) 


a linear equation, which can be integrated, 
leading together with the attending initial 
and boundary conditions to a closed-form 
expression of the current -potential curve 
[38], from which the limiting curve a = 0 
in Fig. 2 may be derived. 

Figure 3 illustrates, with the example of 
glucose oxidase, glucose, and ferrocene 
methanol, as enzyme, substrate, and 
cosubstrate respectively, the procedure for 
extracting the kinetic parameters of the 
catalytic enzymatic reaction from the peak, 
or plateau, current data. The normalized 
peak (or plateau) current, t p / / p , varies 
with the scan rate and the cosubstrate 
concentration. The experimental variation, 
at a high glucose concentration (0.5 m), 
displayed in Fig. 3(a) follows the predicted 
behavior sketched in Fig. 2. In particular, 
we see that a first-order behavior is 
followed for the smallest two values of 
the cosubstrate concentration indicating 
that a (Eq. 11) is vanishing for these 
two concentrations. A significant deviation 
from the first-order behavior is observed 
for the largest value of C p , 100 pM. 
Application of Eq. (14) to the first-order 



Fig. 2 Cyclic voltammetric analysis of 
enzymatic catalytic currents obtained 
with a reaction scheme of the type 
shown in Sch. 1 . Variation of the 
normalized peak or plateau current 
(peak current when there is a peak, 
plateau current, when the peak has 
vanished into a plateau) with the two 
kinetic parameters X and o (full lines). 
Dotted lines: asymptotic behavior for 
A. —*■ oo (the wave is then 
plateau-shaped). 
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Fig. 3 Cyclic voltammetric analysis of 12 
the kinetics of an homogeneous redox 
enzyme reaction using a reversible 
one-electron mediator as the 
cosubstrate, taking as example the 
catalysis of the electrochemical 8 

oxidation of /i-D-glucose by glucose 
oxidase (6.5 (jM) with ferrocene g 

methanol as the cosubstrate at pH = 7 
(ionic strength 0.1 M, temperature: 

25 °C). (a) Variation of the normalized 
plateau or peak current with the scan 
rate and the cosubstrate concentration 2 

(E: 5, G: 10, S: 100 pM), for Cg = 0.5 M, 
leading to the determination of k^. 

(b) Variation ofthe normalized plateau 
with the scan rate and the glucose 
concentration for a cosubstrate 
concentration of 0.1 mM, leading to the 
determination of a/k^Cp as a function 
of glucose concentration. The resulting 
a/ksCp versus 1 /Cq plot (inset) is 
linear. Its intercept gives 1 //(2 and its 
slope, k re( j. The number on each curve is 
the value of a. 


(b) 0 1 2 3 4 5 



behavior in Fig. 3 leads to the value of 
1'3, 6 x 10 6 M -1 sec -1 . Knowing k 3, the 
experiments, shown in Fig. 3(b), where 
the normalized peak (or plateau) current 
is measured as a function of the glucose 
concentration, allow the determination 
of the factor er/^Cp as a function of 
1 /Cq. From the intercept and slope 
of the straight line thus obtained, one 
derives kj = 780 sec -1 and A: red = 1.2 x 
10 4 M -1 sec -1 . The values of a reported in 
Fig. 3(a) and (b) illustrate how an increase 
in the cosubstrate concentration and a 
decrease in glucose concentration enhance 
the deviation from first-order conditions. 
Application of Eq. (9) when the first-order 
conditions are not fulfilled may lead to 
serious errors, to the point of missing the 


variation of the rate constant k 3 with pH 
[39, 40], as discussed in the next section. 

Another source of inaccuracy, or even 
error, originates in the assumption some- 
times made [41] that the plateau current is 
proportional to the homogeneous rate of 
the enzymatic reaction, thus obeying the 
Lineweaver-Burk law [42]: 

11 1 

= a H 7; — 77 (18) 

rate 2 k 2 C% 2k red C°c£ 

The real l/z p versus 1/Cp plots are not 
straight lines but curves going through 
the origin (Fig. 4). The slope and intercept 
of the approximate straight line drawn 
through the experimental points do not 
therefore have the meaning suggested 
by Eq. (18). 
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13.2.2 

Molecular Recognition of an Enzyme by 
Artificial One-electron Cosubstrates? 


Fig. 4 An example showing the 
erroneous application of 
Lineweaver-Burk law (Eq. 8) (dotted 
line) to plateau current data 
corresponding to 7(2 = 780 sec -1 , 
k rec l = 1.2 x 10 4 M -1 sec -1 , 
k 3 = 6 x 10 6 M -1 sec -1 , C£ = 2.7 pM, 
Q? = 0.05 M, electrode surface area: 

0.2 cm 2 , diffusion coefficient ofthe 
cosubstrate: 6.7 x 10 -6 cm 2 sec -1 . The 
full line represents the rigorously 
predicted variation ofl// p with 1/C p . 


variation of A 3 with pH by means (Fig. 3) 
of Eq. (1) is thus an example of the 
general procedures that may be followed to 
uncover the role of protons. The redox and 
proton transfer reactions undergone by the 
flavin prosthetic group are summarized in 
Sch. 2 [35, 36], The vertical reactions are 
oxidations by Q regenerating P. From the 
values (V versus SCE (saturated calomel 
electrode)) of the standard potentials of 
the four flavin redox couples [43-47], 
which are involved in Sch. 2 and those of 
the mediators (Table 1 ), all four oxidation 
steps may be regarded as irreversible. The 
horizontal reactions are deprotonations by 
the bases present in the buffer. From the 
pK a values of the various flavin acid-base 
couples indicated in Sch. 2 (over or below 
the horizontal arrows) [43-47], reactions 


Repeat of the same kind of experiments 
at other pHs shows that the rate constant 
A 3 varies with pH in a sigmoid manner, 
as shown in Fig. 5 (whereas ky and 
A re( j are practically insensitive to this 
factor). Figure 5 also displays the pH- 
dependent values of A 3 obtained with other 
cosubstrates than ferrocene methanol [35, 


H2 and H4 may be regarded as irreversible 
and reactions HI and H3 as reversible 
in the pH range of interest (4-8.5). 
Experiments where the concentration of 
the buffer was varied showed that reactions 
HI and H3 remain at equilibrium. The rate 
constant A 3 is thus related to the various 
steps of Sch. 2 according to Eq. (19). 


36]. The dependency of A 3 upon pH 


is due to the fact that, as with many 
redox enzymes, the prosthetic group of 1 
glucose oxidase does not merely exchange £ 3 
electrons with the cosubstrate but both 
electrons and protons. Analysis of the 
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Fig. 5 Effect of changing the 
cosubstrate and the pH on the kinetics 
of an homogeneous redox enzyme 
reaction as exemplified by the 
electrochemical oxidation of glucose by 
glucose oxidase mediated by 
one-electron redox cosubstrates, 
ferricinium methanol (B), + ferricinium 
carboxylate (J),(dimethylammonio) 
ferricinium (F). Variation of the rate 
constant, k^, with pH. Ionic strength: 
0.1 M. Temperature: 25 °C. 



Scheme 2 Various oxidized 
and reduced forms ofthe flavin 
prosthetic group. 


FADH, 


-0.07 


El 


FADH, -+ 


6 . 6 ' 

HI 

H2 


FADH - 


E2 


-0.33 


0.0 


7.3 

FADH - - — FAD -- 


-0.09 


H3 

E3 E4 


FADH + 


H4 


2.0 


-0.52 


FAD 


E, s: electron transfer steps, H, s: proton transfer steps 
The numbers on the vertical arrows are the standard potentials, 
The numbers on the horizontal arrows are the pKa, s. 


Fitting of the data points with Eq. (19) 
leads to the sigmoid lines in Fig. 4. The 
two limiting values of H, in acid and 
basic media, k ac and ky, as , respectively, 
depend on the individual rate constants 
according to 

1 _ 1 1 1 _ 1 1 

He Hi Hi ^bas H2 H4 

( 20 ) 

This detailed kinetic analysis is the typi- 
cal procedure to be followed for dissecting 
a — 2e - -2H + process into its electron and 
proton transfer elementary steps. In the 
present case, the electron-transfer steps 
are rate determining. A striking observa- 
tion, which may be of general relevance 
to the reactions of oxidases, is that, ow- 
ing to the use of artificial cosubstrates, the 


maximal activity of the flavin enzyme is 
reached above pH 8, whereas it appears 
around pH 5.5 with dioxygen [48]. 

Further insights into the reactivity of the 
artificial cosubstrates toward the various 
forms of the prosthetic group are pro- 
vided by a comparison of the rate constants 
with the driving forces (Table 1). There is 
no parallelism between the kinetics and 
the driving forces such as the one pre- 
dicted by a Marcus-type relationship (the 
larger the driving force, the faster the reac- 
tion) [49, 50]. In an acidic medium, where 
FADH 2 reacts under its neutral form, the 
rate constant is almost independent of the 
driving force. In a basic medium, where 
the reacting species is the FADH - ion, the 
same lack of correlation is observed. The 
neutral ferricinium carboxylate reacts with 
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Tab. 1 Thermodynamics and kinetics of the rate-determining steps 


Single-electron cosubstrates 


Ferrocene 

methanol 


Ferrocene 

carboxylate 


(Dimethylaminol- 

methylferrocene° 


Standard potential 3 

0.19 


0.29 



0.37 

Acid medium 

El 

E3 

El 

E3 

El 


E3 

Standard free energy 

-0.26 

-0.28 

-0.36 

-0.38 

-0.44 


-0.46 

[eV] 








KaKe/Kb 

2.2 x 10 4 

4.6 x 10 4 

1.0 x 10 6 

2.2 x 10 6 

2.2 x 1 

O 7 

4.6 x 10 7 

log k ac [M -1 sec -1 ] 


5.1 


5.0 



5.7 

Basic medium 

E2 

E4 

E2 

E4 

E2 


E4 

Standard free energy 

-0.52 

-0.71 

-0.62 

-0.81 

-0.70 


-0.289 

[eV] 

4.6 x 10 8 

6.8 x 10 11 




O 1 

1 6.8 xlO 14 

KaKe/Kb 

2.2 xlO 10 3.2 xlO 13 

4.6 x 1 

logkbas 1 M_1 sec -1 ] 


7.4 


5.6 



7.7 


3 V versus SCE. 
b Protonated form. 


approximately the same rate constant as 
in an acidic medium. In contrast, the pos- 
itively charged ferricinium methanol and 
[(dimethylamino)methyl]ferricinium react 
about 100 times faster than in an acidic 
medium. In all the cases, the rate con- 
stant is much below the diffusion limit 
(5 x 10 8 M -1 sec -1 ). 

The X-ray crystal structure of glucose 
oxidase [51, 52] shows that the flavin sits 
at the bottom of a funnel-shaped pocket 
with an opening of ca 10 A diameter at the 
surface of the proteinic core and a depth of 
ca 10 A. The ferricinium cosubstrates may 
thus experience some difficulty reaching a 
position geometrically suitable for efficient 
electron transfer. Combination of the ki- 
netic and structural observations suggests 
a mechanism in which any of the four 
electron transfers maybe decomposed into 
three successive steps, diffusion of Q to- 
ward the opening of the pocket at the 
surface of the protein core of the enzyme, 
displacement toward the flavin in a po- 
sition geometrically suited for electron 


transfer, and electron transfer [53]. Each 
of the electron-transfer steps is neither 
controlled by the rate of electron transfer 
nor by the diffusive approach of the one- 
electron cosubstrate toward the opening of 
the pocket at the surface of the protein core 
of the enzyme. The rate-determining factor 
appears to be the sterically hindered, posi- 
tioning appropriately for electron transfer 
to occur. The kinetics thus reveals some 
molecular recognition between the artifi- 
cial one-electron cosubstrates by the en- 
zyme. Recent experiments, using the two 
enantiomers of protonated AhlV-dimethyl- 
1-ferrocenylethylamine, reported a sig- 
nificant chiroselectivity of the reaction 
[41], implying a very precise molecular 
recognition. However, further attempts to 
reproduce these results were unsuccess- 
ful, the two enantiomers giving rise to 
the same catalytic response within exper- 
imental uncertainty [53]. Thus, molecular 
recognition is not precise enough to allow 
chiroselective electron transfer. Molecu- 
lar recognition rather works in a rejection 







mode: steric hindrance in the pocket con- 
necting the prosthetic group to the enzyme 
surface slows electron transfer, offering 
some resistance against a largely favorable 
driving force. One important parameter of 
the recognition mechanism is the charge 
borne by the oxidized form of the cosub- 
strate. The resulting rate constants, never- 
theless, remain large, allowing ferricinium 
ions to act as quite efficient cosubstrates. It 
would be interesting to test the generality 
of such behavior of redox enzymes toward 
artificial cosubstrates. 

It is worth emphasizing that electro- 
chemical techniques, such as cyclic voltam- 
metry, allow the use of a large variety of 
artificial cosubstrates, since, unlike stop- 
flow techniques, the active form of the 
cosubstrate need not be chemically sta- 
ble. It suffices that the cosubstrate reacts 
with enzyme faster than any other species 
present in the solution. 

13.3 

Monomolecular Layers of Enzyme 

Direct adsorption of the enzyme on an 
electrode very often results either in no 
catalytic current at all or to unstable cur- 
rents. For example, adsorption of glucose 
oxidase on a glassy carbon electrode does 
not produce any catalytic current. Either 
adsorption is too weak or it denaturates 
the enzyme, as it does, for example, on 
gold [54]. Chemical immobilization tech- 
niques [11, 14, 55, 56] also suffer the 
danger of enzyme denaturation. Strategies 
based on biomolecular recognition, in- 
volving antigen-antibody or avidin-biotin 
interactions, have been successful in the 
construction of fully active monomolecular 
enzyme layers on electrode surfaces. The 
description of these strategies is the ob- 
ject of the present section. The systems 
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thus built may then be characterized ki- 
netically using a cosubstrate dispersed in 
the solution. This characterization is par- 
ticularly important for determining how 
much of the enzyme has survived the at- 
tachment procedure, an essential criteria 
for appreciating its suitability. The same 
experimental configuration may also be 
used for measuring the kinetics of the 
molecular recognition between an immo- 
bilized antigen and an antibody dispersed 
in the solution. Previous attempts to de- 
rive this precious kinetic information have 
faced the difficulty of freeing the overall re- 
sponse from the contribution of diffusion. 
Enzymatic labeling of the solute allows the 
use of the attending kinetic amplification 
to work out the problem. 

There is a quest for more integrated sys- 
tems in which not only the enzyme but 
also the mediator is immobilized on the 
electrode surface. Two approaches have 
been followed for this purpose. One uses 
antigen- antibody immobilization of the 
enzyme, while the second relies on the 
avidin-biotin interaction. In both cases, 
the cosubstrate is linked to one end of a 
long polyethyleneglycol chain attached to 
the structure by its other end. 


Antigen -Antibody Construction of an 
Immobilized Enzyme Monolayer and 
Kinetic Analysis of the Enzymatic Catalytic 
Reaction with the Cosubstrate in Solution 

An example of a monomolecular layer elec- 
trode coating obtained by this technique is 
sketched in Sch. 3. Adsorption of rabbit 
IgG is followed by adsorption of gelatin 
and specific binding of a glucose oxidase 
conjugated antibody [57]. 

Cyclic voltammetry allows a precise ki- 
netic characterization of such systems 
starting from the observation of catalytic 
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Scheme 3 Antigen-antibody 
construction of a monolayer 
enzyme electrode: the adsorbed 
rabbit IgG (antigen) is coupled 
with a glucose oxidase 
conjugated antibody, the 
antirabbit IgG (whole molecule) 
produced in goats. 


9 ° 1 B°<s> 

Adsorbed antigen Gelatin Antibody-glucose oxidase 
(sacrificial antibody) conjugate 


responses (Fig. 6a) [57]. The catalytic re- 
action is still as represented in Sch. 1 but 
we now have to take into account that the 
enzyme is confined in a monolayer onto 
the electrode surface rather then homoge- 
neously dispersed as it was in the earlier 
sections. It follows that Eqs (1) and (2) do 
not describe the variations of the P and 
Q concentrations with time and space any 
longer. They should be replaced by the sim- 
pler Eqs (21) and (22) expressing that both 
P and Q merely diffuse in the solution 
without being engaged in any chemical 
reaction. 


m _ g 9 2 [ p ] 

dt dx 2 

3[Q] _ g 9 2 [Q] 

dt dx 2 


(21) 

( 22 ) 


(T re : surface concentration of RE), the 
initial and boundary conditions being the 
same as in the homogeneous case, in par- 
ticular, the Nernstlaw, Eq. (3) still applies), 
we find again that the surface concentra- 
tion of Q is given by 


[Q],=o 


r° 

F 



r f „ i 

1 + exp 

(E - E°) 

RT 


(24) 


and that the diffusion contribution to the 
current (first term in Eq. 23) has the same 
expression as a diffusion-controlled Nern- 
stian response, if, as represented by the 
dotted line in Fig. 6(a). The second term in 
Eq. (23), 


fiat = 2Tk3r RE [Q] v= o (25) 


Instead, the catalytic reaction takes place at 
the surface of the electrode leading to the 
expression of the current given in Eq. (23) 

^ = D (^),.„ +2 " jrREra '-° 

= -d( + 2Fk 3 r RE [Q] A . =0 


represents the contribution of the enzy- 
matic catalysis. It can be obtained straight- 
forwardly by subtraction of i & f from the 
total current. Assuming that the three 
forms, OE (oxidised form of the enzyme), 
OES (its complex with substrate), and RE 
(reduced form of the enzyme) obey the 
steady-state approximation in the surface 
layer, z cat may be expressed as follows, 
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Fig. 6 Cyclic voltammetric analysis of the kinetics of an electrode coated 
with antigen-antibody immobilized monomolecular layer of redox enzyme 
with a one-electron reversible cosubstrate in the solution, (a) Cyclic 
voltammetry at saturation coverage (2.6 x 10~ 12 mol cm -2 ) of glucose 
oxidase with 0.1 M glucose and 0.1 mM ferrocenemethanol in a pH 8 
phosphate buffer (0.1 M ionic strength). The dotted and dashed lines 
represent the cyclic voltammogram (0.04 V sec^ 1 ) in the absence and 
presence of glucose (0.1 M), respectively. The full line represents the 
catalytic contribution to the current, i C at (see text), (b) Primary plots obtained 
under the same conditions with, from top to bottom, 0.01 , 0.02, 0.05, and 
0.1 M glucose, (c) Secondary plot derived from the intercepts ofthe primary 
plots in (b). 


when the substrate, S, is in large excess. 

. _ 2F* 3 rjj[Q],=o 


l + *3[Q]*-o( t2 + W[S] ) 

2Fksr° E C° 



r f 


1+exp 

(E—E°) 

RT 



+ ‘‘ cf (ic + dipj) 


(fg is the total surface concentration of en- 
zyme) . We may note that / cat is predicted to 
be independent of the scan rate, a criterion 
worth checking when extracting ( cat from 
the raw data. 

Another useful feature of i c at is 
its proportionality to the total surface 
concentration of enzyme T®. The progres- 
sive increase in the enzyme content 
of the coating upon increasing the 
time of exposure of the electrode to 
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the solution containing the enzyme 
conjugated antibody may thus be simply 
monitored by following the increase in i cat 
until saturation is reached. 

Equation (26), or its inverse form, (27), 
may also be exploited to derive 

11 1 
~ 2F^?f [Q]jc=o 

+ i?ii(^ + ^) <27> 

the pertinent rate constants from the data 
according to the procedure summarized 
in Fig. 6. As far as the effect of the 
cosubstrate concentration is concerned, 
one may use the plateau current, where 
[Q]. v =o = Cp, and perform a series of 
experiments with several different values 
of the bulk concentration of mediator 
Cp. A simpler procedure consists in 
taking advantage of the concentration of 
Q at the electrode surface, Q being a 
known function of the electrode potential 
(when the P/Q couple obeys the Nernst 
law), as depicted in Fig. 6(b). Repeating 
the procedure for several values of the 
substrate concentration leads to a series 
of primary plots having the same slope 
from which the parameter kj T® may 
be derived (3.4 x 10 -2 cmsec -1 , in the 
present case). Plotting the intercepts of 
these primary plots against the inverse 
of the substrate concentration leads to 
secondary plots, which obey the following 
equation: 

1 1 / 1 1 \ 

" 2TT° U + *red[S] / 

from the intercept and slope of which kj 
and k re 4 (600 sec -1 , 0.9 x 10 4 M -1 sec -1 , 
respectively) may be obtained. It is 
remarkable that these values are the same, 
within experimental error, as in homoge- 
neous experiments [35, 48]. 


A way of estimating to what extent the 
immobilization procedure may affect the 
catalytic activity of the enzyme may be de- 
rived from the foregoing analysis in combi- 
nation with an independent determination 
of the total amount of enzyme, active and 
inactive, contained in the coating. Radioac- 
tive labeling may be used for this purpose 
as was done with glucose oxidase lead- 
ing to a value of 2.6 x 10 -12 mol cm 2 [57]. 
The fact that using this estimate and the 
previously determined value of k^V®, one 
obtains a value of £3, 1.3 x 10 7 M -1 sec -1 , 
which is the same as the homogeneous 
value leads to the conclusion that all the 
enzyme deposited is active, confirming 
the expectation that antigen-antibody ap- 
proaches should be much milder than 
chemical procedures. 

13 . 3.2 

Application to the Kinetic Characterization 
of Biomolecular Recognition 

Determining the thermodynamics and 
kinetics of recognition between biomole- 
cules, particularly when one of the two is 
immobilized on a substrate, arouses con- 
siderable current interest as, for example, 
antibody-antigen recognition, recognition 
of single-stranded DNA oligonucleotides 
by partially or totally complementary DNA 
strands. The determination of the thermo- 
dynamic and kinetic parameters of interest 
requires the monitoring of the surface 
concentration of the binding molecule. 
Quartz crystal microbalance [58, 59], el- 
lipsometry [60], acoustic wave detection 
[61], and surface plasmon resonance (SPR) 
[62-64] are employed for this purpose. The 
latter technique is sensitive enough to de- 
tect submonolayer coverage with a good 
precision as required for a reliable de- 
termination of the sought thermodynamic 
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Scheme 4 


/- A + B 




and kinetic parameters. It, however, neces- 
sitates the immobilization of one member 
of the interacting pair in a thick dextran 
film. The interpretation of the data may 
thus be complicated by the necessity of 
taking account of the partition of the other 
member of the pair between the solution 
and the film as well as by the interference 
of diffusion in the two phases [64-67]. 

Another technique has recently been 
proposed [68], based on labeling by a re- 
dox enzyme of the solute molecule and 
monitoring the binding by means of the 
electrochemical response of the electrode 
onto which the receptor is immobilized. 
The method was illustrated by its applica- 
tion to the kinetics of the recognition of 
an immobilized monolayer of goat IgG 
(antigen) by antigoat. Because the sur- 
face concentrations are small, owing to 
the large size of the molecules, this is 
a typical case where simple redox la- 
beling of the target molecule would not 
provide sufficient sensitivity to the attach- 
ment of the antibody onto the antigen 
monolayer. Labeling of the antibody with 
a redox enzyme obviates this difficulty 
owing to the catalytic properties of the 
enzyme. The antibody was thus labeled 
with glucose oxidase. The anodic catalytic 
current observed in the presence of glu- 
cose and of ferrocene as the cosubstrate 
is directly proportional (with a known 
proportionality coefficient) to the amount 
of enzyme, and therefore to the amount 
of antibody, bound to the immobilized 
antigen [57]. The catalytic current was 
recorded under steady-state conditions us- 
ing a glassy carbon disk electrode. Under 
these conditions, the diffusion rate may 


be precisely controlled by means of the 
rotation speed, allowing an unambigu- 
ous extraction of the kinetic parameters 
of the recognition reaction from the raw 
data after the interference of diffusion 
has been accounted for. Whatever the de- 
tection technique, diffusion of the target 
molecule toward the immobilization sur- 
face may seriously interfere in the overall 
response. It may even be, under cer- 
tain circumstances, the rate-determining 
step, thus preventing the determination 
of any rate parameter characterizing the 
recognition reaction itself. Although the 
interference of diffusion has been empha- 
sized in several instances [64-70], it is still 
often unduly neglected in recent works 
[59, 61]. 

The competition between diffusion and 
binding for the following recognition 
reaction, between the target molecule B 
and the receptor A, obeying a Langmuirian 
kinetic law may be described as follows: 

^ = k { C 0 r A - k h Tab = ^(C b - C 0 ) 

ot 0 

(29) 

where the T’s are the surface concentra- 
tions of the subscript species. C b and Co 
are the concentrations of B in the bulk 
of the solution and at the immobilizing 
surface respectively. The last member of 
the equation expresses the diffusion flux 
of B toward the surface under steady-state 
conditions. D is the diffusion coefficient of 
B and 8 is the thickness of the steady-state 
diffusion -convection layer established by 
the rotation of the disk electrode. The latter 
parameter is inversely proportional to the 
square root of the rotation rate of the disk 
electrode, m , the variation of which thus 
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provides a convenient access to the contri- 
bution of diffusion to the overall kinetics 
(5 = 1.61 D 1 / 2 v 1 / 6 (27rnr) -1 / 2 , S in cm, D 
in cm 2 sec -1 , v (kinematic viscosity of the 
solvent) in cm 2 sec -1 , m in rotations per 
second [71]. Ta + Tab = T s is the total 
surface concentration of immobilized re- 
ceptor molecules. It is convenient to intro- 
duce the fractional coverage, 0 = Tab/F s , 
of AB on the electrode. The fractional 
coverage, 0 = Tab/F s , of AB on the elec- 
trode thus obeys the following differential 
equation [68, 72]: 

90 = k f C b (l - 0) - k b 6 

dt 1 + k f C b r d (l - 0) ' 


where = SF s /DC b is a time that charac- 
terizes the diffusion rate. Introduction of 
a dimensionless variable r = t/t^, which 
normalizes the time variable against the 
diffusion time, tj, thus seems natural. 
So does the introduction of two other 
dimensionless parameters, one charac- 
terizing the adsorption equilibrium, k = 
k { C b /k h = KC b ( K = k £ /k h is the bind- 
ing equilibrium constant) and the other, 
X = kyC b t& = k { 8F s /D, which compares 
the rate of adsorption to the rate of dif- 
fusion. It is also convenient to normalize 
the fractional coverage toward the equilib- 
rium value it reaches at long time, 0 eq = 
k/(1 + K), 0* = 0/0 eq = (1 + K)0/K. Thus 

90* _ , \ + k 1-0* 

9r k / k \ 

1 + A 1 0* 

V 1+* / 

(31) 

For the adsorption process (0 = 0 for 
r = 0), explicit integration leads to 


0 * 


1 -(- K -(- X 
kX 


ln(l-0*) = 



This closed-form equation allows the pre- 
diction of all possible coverage-time curves 


for systems obeying Langmuirian kinetics. 
In order to identify the respective role of 
diffusion and binding kinetics, it is use- 
ful to examine various limiting situations 
that appear as the two parameters k and 
X take limiting large or small values. They 
are represented as portions of space in the 
“kinetic zone diagram” [73-75] shown in 
Fig. 7 together with the equations charac- 
terizing each case. 

I and R corresponds to an irreversible 
and a reversible binding respectively. A 
and D represent the kinetic controls by 
the binding reaction and by diffusion 
respectively. Besides the general case 
(GC), the two-letter labels represent the 
combination of the above cases. 

The way in which the boundaries be- 
tween each zone were determined is 
illustrated in Fig. 7(a) and (b) with the 
example of irreversible binding (zone I). 
Figure 7(a) shows the variation of the frac- 
tional coverage 0* with the dimensionless 
time variable, r, in the vicinity of diffusion 
control (passage from zone I to zone ID), 
whereas Fig. 7(b) shows the variation of 
the fractional coverage 0* with the dimen- 
sionless time variable. At, in the vicinity 
of binding control (passage from zone I 
to zone IA). The value of A corresponding 
to the passage is defined as the value for 
which the time for reaching half of the 
equilibrium coverage (0* = 0.5) differs by 
10% in the I case and in either the ID or 
the IA cases, as represented by the dotted 
lines in Fig. 7. 

The arrows on top of the diagram in 
Fig. 7, indicating the effect of the various 
experimental parameters in direction and 
(logarithmic) magnitude, help in navigat- 
ing from one zone to the other. Among 
these parameters, the concentration of the 
target molecule in solution, C b , and the 
rotation rate, m , may be easily varied. 
Varying C b has practically no effect on the 
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Fig. 7 Dynamics of molecular recognition. Binding of the target molecule to the 
receptor. Kinetic zone diagram (left), characteristic equations (center), and passage 
(left) from zone I to zone ID (a) and from zone I to zone IA (b). From left to right 
logA. = oo, 1.141, 0.5, 0 (a); -oo, -0.858, 0, 0.5. 


kinetic competition between binding and 
diffusion. Increasing C b makes the system 
pass from a reversible to an irreversible 
behavior. The rotation rate, m , is the key 
parameter for identification and control of 
the interference of diffusion. Increasing m 
makes the system pass from kinetic control 
by diffusion to kinetic control by the bind- 
ing reaction. A simple test that diffusion 
does not interfere is the observation that, 
upon increasing the disk rotation rate, the 
T ab versus time curve ceases to depend on 


this parameter. The system is then in the A 
zone and the binding kinetics may easily be 
derived using the corresponding equation 
(Fig. 7). Information on the binding kinet- 
ics may, nevertheless, be extracted from 
the experimental data even when kinetics 
is under mixed diffusion/binding control 
(zones I, GC, and R) with, however, less 
and less precision as the system is closer 
and closer to the boundary with zones ID, 
D, and RD respectively. In other words, 
the ability of reaching fast binding kinetics 
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is dependent of the ability of achieving fast The maximal binding rate constant is 
rotation rates. The adsorption rate con- thus of the order of 10 6 , 2 x 10 5 , and 
stant may be determined as long as the 5 x 10 4 mol -1 1 sec -1 for typical antibod- 
parameter X can be made smaller than ies, for DNA strands, and for conventional 
ca 1 (Fig. 7). The upper accessible values organic molecules respectively. It is seen 
of kf are thus given by that it is easier to observe the activation- 

controlled adsorption kinetics with large 
k{<——^0.039T 2 ^r 4 ^p~ 2 ^v^^ 6 ^/m biomolecules than with conventional or- 
S (33) g an ic molecules, explaining why, in the 

where ky is in mol -1 1 sec -1 , the volumic latter case, the results are so scarce or so 
mass, p, in g cm -3 , the solvent kinematic uncertain and also why the adsorption ki- 
viscosity, v, in cm 2 sec -1 , nr in rotations netics are considered to be under diffusion 
per minute, Ts in mol cm 2 , r , the radius of control in most circumstances, 
the equivalent hard sphere, in A. In order ^he dissociation of the complex, after it 
to obtain a rough estimate of the maximal l 138 rea ched its equilibrium value, upon 
kf, the diffusion coefficient is assumed to exposure to a pure solution may be exam- 
obey the Stokes-Einstein relationship in i ne d similarly. At time t = 0, 0 = 6 = 
the last member of Eq. (11). Ten thousand k/(\ + k)KC /(I + KC ), where C is 
rotations per minute is about the maximal ^e bulk concentration that was used dur- 
rotation speed that can be reached with a l n § die adsorption step preceding the 
rotating disk. Thus, in water at 25 °C, desorption process. Assuming that the 

volume-to-surface ratio is large enough 
kf(mol -1 l sec -1 ) <81[rtj(rpm)] 1 / 2 r 4 / 3 (A) for the bulk concentration of B to remain 

(34) negligible throughout the experiment, the 



Fig. 8 Dynamics of molecular recognition. Dissociation of the complex. Kinetic zone 
diagram (left), characteristic equations (right). 
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Fig. 9 B inding of polyclonal antibody 
glucose oxidase conjugates (in the 
presence of 0.1 M glucose and 0.1 mM 
ferrocene methanol) to a saturated 
monolayer of whole antigen deposited 
on the surface of a CC rotating disk 
electrode. Variation of the coverage with 
time at three rotation rates (C: 1600, 

E: 400, A: 100 rpm) for an antibody 
concentration of 7 nM, showing the 
elimination of the diffusion contribution 
upon increasing the rotation rate. 



0x10° 2x10- 5 4x10- 5 6x10-5 8 x IQ- 5 


variation of the surface concentration with 
time obeys the following equation. 


9 r AB D 

— = fcfCoFA - k'b F AB = - — Co 

dt o 

(35) 

The decay of the fractional coverage with 
time is depicted by the equation corre- 
sponding to the GC in Fig. 8. The com- 
petition between diffusion and desorption 
kinetics is again conveniently represented 
by a kinetic zone diagram. This is shown 
in Fig. 8 together with the equations per- 
taining to each zone. 

An important parameter for observ- 
ing the role of diffusion is the electrode 
rotation rate. Figure 9 gives an exper- 
imental example concerning molecular 
recognition between two immunoglobu- 
lins, where it is clearly seen how an 
increase in the rotation rate allows the 
elimination of the contribution of diffu- 
sion and thus the determination of the 


activation parameters of the molecular 
recognition reaction. 

The Langmuirian analysis depicted so 
far assumes that the interactions between 


the bound molecules are negligible. This 
condition is not fulfilled in many systems, 
especially when the coverage comes close 
to saturation. In such circumstances, a 


Frumkin isotherm for describing equilib- 
rium and the corresponding kinetic law 
may replace profitably the Langmuirian 
description: 

——— = K exp(a6)Co (36) 

1 — U 

where K is the binding constant when 
9 -» 0, that is, when the interactions 
vanish, a = AGi/RT, where AGi is the 
free energy of interaction at unity coverage. 
AG; > 0 for attractive interactions and 
<0 for repulsive interactions. From a 
kinetic point of view, in the latter case, 
the interactions slow down adsorption 
and accelerate desorption and vice versa 
in the former case. AG; may thus be 
split in two fractions: a AGi and (1 — 
a)AGi. The resulting free energies may 
thus be assigned to the modification 
of the adsorption and desorption rates 
respectively as a result of the interactions. 
The following kinetic law for binding 
ensues. 

do 

— = kf exn[aa0}(\ — 9)Cq 
d? 

-k h exp[(l-a)ae]9 (37) 

(kf and kb are the adsorption and des- 
orption constants when 9 —*■ 0). The 




784 


73 Electron Transfer and Transport in Ordered Enzyme Layers 



Fig. 10 Kinetics of irreversible 
adsorption for 

Frumkin-isotherm interactions 
between adsorbates. From left 
to right aa = 0, — 1 , —2, —3, —5 


derivation of Eq. (19) is similar to the es- 
tablishment of the Butler-Volmer kinetic 
law for electrochemical electron-transfer 
reactions, where the symmetry factor, a, 
is regarded as being independent from 
the electrode potential [76]. Likewise, in 
the present case, the symmetry factor, 
a, is assumed to be independent of the 
coverage, 6. 

In the case of, for example, an ir- 
reversible binding reaction where the 
rotation rate is large enough for activa- 
tion control to prevail, integration of the 
preceding equation leads to the follow- 
ing equation depicting how the coverage 
builds up with time [68]. 


kfC b ? = exp(— aa) 


— ln(l — 6 ) 


^(aay[l-(l-0V] 

^ 77 • 

7=1 

(38) 

Some representative curves are shown in 
Fig. 10. Comparison of the curves in Figs 7 
and 9 on the one hand and Fig. 10 on the 
other shows that the shape of the curves is 
not a reliable criterion for estimating the 
contribution of diffusion, which may well 


be mistaken with the effect of lateral inter- 
actions. This is the reason that the effect of 
rotation rate should imperatively be used 
for judging of the interference of diffusion. 

The mechanism of molecular recog- 
nition may be more complicated than 
depicted above, and may possibly involve 
multiple recognition. Examples of such 
situations and of how the preceding treat- 
ments may be adapted accordingly may be 
found in reference [68]. 

13.3.3 

Immobilization of Both the Enzyme and the 
Cosubstrate 

The studies depicted in the preceding text 
have been performed in cases where the 
mediator is homogeneously dispersed in 
the solution. There is a need for more 
integrated systems in which the electron 
carrier would be attached to the structured 
in a spatially defined manner and which 
would lend themselves to full kinetic 
characterization. 

One strategy to reach this goal [77] 
has been to use the avidin-biotin tech- 
nology [78-83]. The integrated system 
shown in Sch. 5 was built as follows [77]. 
The long chain biotin was first grafted, 
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Scheme 5 

applying the A-hydroxysuccinimide tech- 
nology [84], by reacting directly the 
GC surface with a chloroform solution 
of the commercially available 0-2-[(N- 
hydroxysuccinimidyl) ethyloxycarbonyl] 
and 0'-2-(A7-biotinamidoethyl) polyethy- 
lene glycol (NHS-C02-PEG-biotin, av- 
erage molecular weight: 3500, aver- 
age number of O— CH 2 CH 2 units: 
69). The glucose oxidase conjugated 
avidin was then attached because of 
its strong affinity for the biotin moi- 
eties. Finally, the long chain biotiny- 
lated ferrocene derivative, 0 -[ 2 — N-(/3- 
ferrocenyl-ethylamino) ethyloxycarbonyl] , 
0 , -2-(A7-biotinamido ethyl) polyethylene 
glycol (FcCH 2 CH 2 NHC02-PEG-biotin, 
average number of O— CH 2 CH 2 units: 69), 
to be used as cosubstrate, was bound to the 
remaining vacant sites of the monolayer of 
glucose oxidase conjugated avidin. From 
the surface wave obtained in cyclic voltam- 
metry, the surface concentration of cosub- 
strate was estimated as 10 -11 mol cm -2 . 

The second strategy that has been em- 
ployed rests on the same antigen -antibody 
interactions, as described in the preced- 
ing text, except that the cosubstrate is now 
attached to the structure by a long polyethy- 
lene glycol arm. An example of this type 
of construction is sketched in Sch. 6 [85]. 
The construction starts with the adsorption 
onto the glassy carbon electrode of an anti- 
body produced in goat. In a second step, it 
serves as an antigen that is recognized by 
an antigoat antibody produced in mouse, 
previously labeled with polyethylene gly- 
col chains terminated by a ferrocene head 
(PEGFc), each antibody bearing an aver- 
age of 17 PEGFc chains [86], A third layer 
containing the enzyme is finally grated 
onto the second layer exploiting the recog- 
nition of the mouse IgG immobilized in 



Ferrocene head O Biotin head: ► 
Ferrocenium head: • 


PEG chain: ~NH ^j(^ ( 
O 




the second monolayer by the antimouse 
glucose oxidase conjugate. The surface 
concentration of cosubstrate is of the order 
10 -11 mol cm~ 2 as in the preceding case. 

13.3.4 

Electron Transfer and Electron Transport in 
Integrated Systems 

Cyclic voltammetry allows the analysis of 
the kinetics of the two integrated systems 
described earlier. Figure 11 shows the 
case of the avidin-biotin system (Sch. 5) 
where the voltammogram passes from 
a reversible surface wave shape to a 
plateau shape upon addition of glucose 
and where the inverse of the plateau 
current varies linearly with the inverse 
of glucose concentration. Similar data 
are obtained with the antigen -antibody 


786 


13 Electron Transfer and Transport in Ordered Enzyme Layers 



Fig. 11 Cyclic voltammetry of the avidin — biotin monolayer enzyme-cosubstrate 
integrated system (Sch. 5) in the absence (a) and presence of 0.5 M substrate in a 
phosphate buffer (pH = 8) at 25 °C and a scan rate of 0.04 V sec^ 1 . (c) Variation of 
the inverse of the plateau current with the inverse of substrate concentration. 



PEG chain: 


Scheme 6 

ferrocene and ferricenium moieties. Un- 
der such conditions, Eq. (72) is replaced by 
the following equations: 

i dr p 

FS df LVJ 

dr 0 

= -jf- + 2* 3 r M [Q] (39) 

where Fp and Fq are the numbers of 
moles of P and Q present in the coating 
per unit surface area. [Q], the uniform 
concentration of Q in the film, is equal to 
Tq //, where l is the thickness of the film. 
In the absence of substrate, the current 
corresponds to the — dFp/df = — dFp/df 
term. It is thus possible, as in the preceding 
sections, to define a catalytic contribution 
to the current: 

'cat = i ~ k s=0 = 2A'3r RE [Q] (40) 
As before, when the substrate is in excess. 


integrated system depicted in Sch. 6, as 3 — = ^ — 

can be seen in Fig. 12. (cat [Q] 

In a first approximation, we may con- 1/1 1 \ 

sider that the concentrations of the two ^FT® \h. A.- re( j[S] / 

forms, P and Q, of the cosubstrate are 

uniform within the film containing the en- where T® is the total number of moles of 
zyme molecules, the PEG chains, and the enzyme per unit surface area. 
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Fig. 12 Cyclic voltammetry of the antigen-antibody integrated system depicted in 
Sch. 6 as a function of substrate concentration, (a) Cyclic voltammograms upon 
addition of the substrate, (b) Cyclic voltammogram in the absence of glucose 
corrected from the background, (c) Primary plots obtained along the wave. 

(d) Secondary plot. The numbers on the curves in (a) and (c) are the values of the 
substrate concentration in millimolar. 


From the intercept of the secondary 
plot shown in Fig. 11(c), it follows that 
^TgCp = 5 x 10 -11 mol cm' 2 sec -1 . T® 
may be derived from an experiment where 
the ferrocene methanol cosubstrate is 
added in the solution so as to render 
negligible the contribution of the attached 
cosubstrate to the catalytic current. Apply- 
ing the analysis developed in Sect. 13.3.1 
leads to T® = 3.5 x 10 -12 mol cm -2 and 


thus to kiCl = 13 sec -1 . A crude es- 
timate of Cp (10 — 3 m) leads to k 3 = 
10 4 M -1 sec -1 . 

The above treatment is in fact likely to be 
too crude as results from a more detailed 
study of electron transport in the absence 
of the enzyme in the antigen -antibody 
system depicted in Sch. 6. In fact, the av- 
erage plane where the PEG chains are 
anchored is significantly different from 
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Fig. 13 Equilibrium profile of the cosubstrate heads 

(reduced + oxidized forms) in the integrated system depicted in Sch. 6 also 
showing the location of the enzyme sites. 


the average plane where the enzyme pros- 
thetic groups are located (Sch. 6, Fig. 13). 
The active heads of the attached cosub- 
strate diffuse back and forth in between 
the electrode surface and a plane corre- 
sponding to the maximal extension of the 
PEG chains [87]. These movements are 
governed by their diffusion coefficient, the 
force constant tending to restore the rest- 
ing position and the maximal extension 
length. The current flowing through the 
electrode under cyclic voltammetric condi- 
tions, when the enzyme is inactivated (as, 
e.g., in the absence of substrate), is a func- 
tion of these three parameters and of the 
scan rate. A low scan rate, an equilibrium 
distribution of the cosubstrate heads, is 
established and a Nernstian symmetrical 
wave is then predicted as follows: 


i dr p dr q 

FS df df 


: .ST 


Fv 


exp 


- — (£-£« q ) 


RT 


1+exp 


~—{E-E" Q ) 


RT 


( 42 ) 


where Fp and Fq are the numbers of 
moles of P and Q present in the whole 
film respectively; r° is their sum. As 
seen in Fig. 12(a), this behavior is indeed 
observed with the integrated system under 
discussion. It is also observed upon raising 
the scan rate up to values where the 
enzymatic catalysis vanishes. Equilibrium 
is thus maintained in the experiments 
(Fig. 12b-d) where the enzyme is in 
action. Under these conditions, the fluxes 
of P and Q flowing through any plane in 
the film parallel to the electrode surface are 
the same. In particular, they are the same 
at the electrode surface and through the 
average plane where the enzyme prosthetic 
groups are located. Thus, the equations 

'cat = i ~ ik 3=0 = 2A'3Tre[Q] (43) 

1 1 1 

~~ 2 W °[Q] 

1/1 1 
+ 2FT° e \^2 + k red [S] 

are still valid taking into account, however, 
that [Q] now stands for the concentra- 
tion of Q in the average enzyme plane 
(see Fig. 12). The ensuing primary and 
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secondary plots (Fig. 12c, d) are linear, thus attached to PEG chains, dispersed in the 
confirming the applicability of the preced- solution, 2.2 x 10 5 M -1 sec -1 , the rate- 
ing analysis to the experiments depicted in determining step still being the formation 
Fig. 12. The rate constants k 2 and k re d thus of a properly oriented precursor complex 
derived are again close to the values they with the flavin. These observations are 
have in experiments where the enzyme is consistent with the following picture. The 
dispersed in the solution. PEG chains sterically hinder, albeit to 

The determination of the rate constant a modest extend, the formation of the 
£3 requires the estimation of the concen- precursor complex, steric hindrance being 
tration of Q in the average enzyme plane. more serious when the PEG chains have 
It may be estimated using the following a ran dom coil shape as when they float 
expression of the concentration profile de- in t h e solution than when they are largely 
rived from a model in which the PEG extended as those that reach the enzyme 
chain is approximated by a spring (force sites in the integrated system, 
constant: Xspr)- The above analysis provides a typical 

pO example of how a the application of a 

[Q](a;) = j= — — =r full analysis of cyclic voltammetric data 

1 + exp ( E — £pq) may provide fine details in the description 

L ^ J 0 f the dynamics of electron transport 

1 / Xspr / Xspr i\ and electron transfer in such complex 

X 7^ V 2RT 6XP V 2RT X ) systems. 

(45) 

Averaging then the Q concentration over 
the thickness of the enzyme (21) leads to 13 - 4 

the following expression of the average Q Spatially Ordered Multimonomolecular 
concentration at the enzyme site. Layer Enzyme Coatings 


r° 13.4.1 

[Q] = j= ~p T Step-by-step Antigen-Antibody 

1 + exp —~^(E — £pg) Construction of Multimonomolecular Layer 

Enzyme Coatings 

Both the avidin-biotin [88, 89] and anti- 
gen-antibody [90, 91] strategies have 
been taken up for depositing successive 
(46) monomolecular layers onto electrode sur- 
faces. The former was even used to build 
Once [Q] es has been estimated, k 3 can be a bienzymatic coating associating a redox 
derived from the intercept of the primary enzyme, glucose oxidase, to a nonredox 
plot (Fig. 12c). The value thus found, 1.5 x enzyme, hexokinase, so as to make the 

10 6 M -1 sec -1 , is smaller than the value electrode sensitive to the substrate of the 
for ferrocene methanol in solution, 1.2 x nonredox enzyme, ATP (Sch. 7) [87]. 

10 7 M -1 sec -1 (regardless of the presence However, the unexpected and nonneg- 
of PEG chains in solution) and larger ligible reversibility of the avidin-to-biotin 
than in the case where the ferrocenes are binding proved itself a serious obstacle 
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G: glucose, GL: glucono-8-lactone, FAD: oxidized form of the flavin, FADG: its glucose 
complex, FADH 2 : its rediced form, P: cosubstrate reduced form (ferrocene), P: cosubstrate 
oxidized form (ferriocenium), G e P: glucose-6-phosphate, PIKG, PIKG 6 P: hexokinase- 
substrate e and t hexokinase-product complexes respectively. 

Scheme 7 

for the routine use of this strategy to the conjugate B is a glucose oxidase an- 
construct multilayer coatings. The anti- timouse conjugate. It is thus possible to 
gen -antibody strategy appears easier and attach a second glucose oxidase monolayer 
more reliable for the step-by-step construe- to the first, a third to the second, and 
tion of multimonomolecular layer enzyme so on, the immobilized enzyme activity 
coatings. A typical example, where glu- being monitored at each step by the de- 
cose oxidase is the enzyme, is sketched termination of the electrocatalytic activity 
in Sch. 8. (see below). It was checked that the fixa- 

The enzyme monomolecular layer pre- tion of the monoclonal antibody C on top 
pared, as depicted in Sect. 13.3.1, may of glucose oxidase, producing the El-A-B-C 
serve as a template for the step-by-step sequence (El = electrode), does not inhibit 
building of the multimonomolecular layer the first layer of enzyme and has the same 
system. As seen in Sch. 8, the key inter- activity as the El-A-B sequence. Testing 
mediate building block, C, linking one the enzyme activity of the second mono- 
monomolecular layer to the other is an layer after the El-A-B-C-B sequence was 
antiglucose oxidase monoclonal antibody, achieved, it was found that the additional 
At one extremity, C recognizes the im- coverage is about 85% of the first layer 
mobilized glucose oxidase. At the other, when only one kind of monoclonal anti- 
it serves as an antigen for the glucose body was used. Incubating the electrode in 
oxidase conjugate, B. C thus plays the a cocktail of two clones of monoclonal an- 
same role as the sacrificial antigen A, di- tibody leads to a 100% coverage as the first 
rectly adsorbed on the electrode surface layer. This is explained by the fact that one 
in the initial step. Since the monoclonal clone of monoclonal antibody recognizes 
antibodies to glucose oxidase C are pro- only one epitope on the glucose oxidase 
duced in mouse, the adsorbed antigen shell and this epitope can be masked for 
A has to be a mouse antibody too and some immobilized enzyme molecule. This 
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Adsorbed antigen Gelatin 
(sacrificial antibody) 

Scheme 8 


§ c> (s°) 

4 

Antibody-glucose oxidas 
conjugate 

Monoclonal IgG 
anti-GO 


steric constraint is circumvented by the 
use of a mixture of two different anti- 
bodies recognizing two different epitopes. 
Testing the enzyme activity of each ad- 
ditional monomolecular layer reveals that 
the surface concentration of catalytically 
active glucose oxidase present in the layer 
is the same. This regularity shows that 
the coating does not grow in an anarchic 
manner and is a first indication of spatial 
order. 

Already immobilized enzyme monolay- 
ers can be inactivated with iodoacetate and 
active monolayers can be attached de novo 
on top of the inactivated layers. The ap- 
plication of these procedures allows the 
construction of a large variety of structures 
whose spatial order can be investigated as 
detailed in the next section. 


13.4.2 

Reaction Dynamics with the Cosubstrate in 
Solution: Evidence for Spatial Order 

In the monomolecular layer systems de- 
scribed so far, diffusion of the cosubstrate 
through the film is not a rate-limiting fac- 
tor. This is true in the case of a free-moving 
cosubstrate, but also, at least at low scan 
rates, with cosubstrates attached to the 
structure by means of a PEG arm. 

When several layers are coated on the 
electrode, diffusion of the cosubsrate may 
become rate limiting even if it is not at- 
tached to the structure [90, 91]. The rate 
of diffusion of the two forms of the co- 
substrate increases with it concentration. 
One may thus expect that the enzymatic 
reaction, rather than diffusion, tends to be 
the rate-determining step upon raising the 
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cosubstrate concentration and that this sit- 
uation is reached all the more easily if the 
number of layers is small. Under such 
conditions, the separation of the cyclic 
voltammetric current in two independent 
contributions, i = ik }=0 + i cat is still valid, 
/cat is thus proportional to the total amount 
of enzyme contained in the film per unit 
surface area and therefore to the number, 
N, of monomolecular layers deposited on 
the electrode: 


2FSkiF^KQCp 

* cat = 7T l r ^ N 

1 + ^U + ^) 

(47) 

where F® is still the number of moles 
of enzyme per unit surface area in each 
monomolecular layer and /cq is the par- 
tition coefficient of Q between the film 
and the solution. These expectations are 
confirmed by the experimental results dis- 
played in Fig. 14, where it is seen that 
diffusion across the film interferes more 
and more as the mediator concentration 
decreases and the number of monomolec- 
ular layers decreases. The interference of 
diffusion is the tool owing to which the 
spatial structure of the film may be in- 
vestigated. Experiments were carried out 
with several configurations of active and 
inactivated layers. One of these was the 
system dealt with in Fig. 14 in which all the 
enzyme layers are active. Another one con- 
sisted in 10 inactivated layers plus 1 active 
layers, and, still another 1 of 5 inactivated 
plus 1-5 active layers. 

Table 2 lists the equations that govern 
the fluxes of the two forms of the co- 
substrate in a system containing n - 1 
inactivated enzyme layers adjacent to the 
electrodes surface on top of which N -n 
active layers have been deposited, thus 
representing any of the above experimen- 
tal systems. Several assumptions underlie 


this set of equations. One is that diffu- 
sion is linear (corresponding to a plane 
electrode). Another is that the scan rate is 
slow enough for the diffusion layer (thick- 
ness: « y/DRT / Fv « 1-2 x 10 5 A) to be 
significantly thicker than the enzyme film. 
An experimental test for knowing whether 
this condition is fulfilled is that the plateau 
of S-shaped catalytic current then observed 
is much larger than the reversible cosub- 
strate peak observed in the absence of 
substrate. It follows that the concentration 
profiles within the film do not depend on 
time. Dependency on time, if any, thus 
only concerns the diffusion process in the 
solution outside the film, leading to the 
two integral equations relating the fluxes 
and the concentrations at the film/ solution 
interface [37]. 

Proper combination of the equations 
in Table 2 results in the following flux 
relationships. 


D m) 

V dx /ft 


D 


9[Q]\ 

dx J fs 


D P 


/9[£]\ 

V dx )± m 


D Q 


am 

dx ) 


= Dp 



+ Dq 


m 

\ dx J 0 


= 0 


(48) 

from which one infers, using the two 
integral equations that 


[P]fs + [Q]f S = eg 
[ p ]/v [Q]w _ o 

r — p 


and therefore 

(49) 


The second space derivative of the con- 
centration at each enzyme layer may be 
approximated by the difference between 
the two gradients on each side of the layer 

/3[P]\ _/9[P]\ 

3 2 [P] _ V dx ) + V dx )_ 
dx 2 l 
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(c) 0 0.05 0.1 0.15 0.2 (b) N 

Fig. 14 Cyclic voltammetry of glucose oxidase coated glassy carbon 
electrodes with an increasing number ( N ) of monolayers in a pH 8 
phosphate buffer (ionic strength: 0.1 M) solution containing 0.5 Mglucose. 
Scan rate: 0.04 V sec^ 1 . Temperature: 25 °C. (a) Voltammograms for 
0.2 mM ferrocene methanol mediator; from bottom to top: N = 0, 2, 4, 6, 8, 
and 10 (for clarity, the odd numbers of monolayers are not represented). 

(b) Catalytic plateau currents as a function of N for several concentrations of 
the ferrocene methanol mediator, 0.2 (E), 0.05 (S), 0.02 (A), 0.01 (G), 0.005 
(C). Straight lines: linear responses corresponding to = 10 -12 mol cm -2 , 
kz = 1.2 x 10 7 IVT 1 s ec-\ k 2 = 700 sec^ 1 , k red = 10 4 N/T 1 sec^ 1 . Curved 
lines: simulation of the interference of mediator mass transport, (c) Slope of 
the straight lines in (b) as a function of the cosubstrate bulk concentration. 



( 53 ) 






Tab. 2 Fluxes equations in an enzyme film containing n - 1 inactive and N - n active layers 
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Within this finite difference framework, 
the following approximations are also 
valid: 



m 



_ [P]m+1 2[P] m + [P] m — l 

~ ]2 

(54) 

If, in addition, attention is focused on 
plateau currents rather than on whole 
current-potential curves, as in the exper- 
iments of Fig. 14, the concentrations of P 
at the electrode surface is zero. 

A second consequence of the fact that 
the diffusion layer is much thicker than 
the enzyme film is that the fluxes in the 
solution are negligible as compared to the 
fluxes in the film. The two time-dependent 
integral equations relating the fluxes and 
the concentrations at the film/solution 
interface may be thus be replaced by 


0= D 




and 


0= D 


(m\ 

V dx /fs 


Dp 


fm\\ 

V dx ) +N 


(55) 


which allows the equations pertaining to 
the enzyme layer N to be simplified as 

Spf®) =2kir RE [Q] N 

\ dx /_jv 



T re is the surface concentration of the 
reduced form of the enzyme in each of the 
active enzyme layers. As seen earlier, 


Fre 


1 + *3[Q] 




(57) 


where T®: total surface concentration of 
the enzyme in each of the active enzyme 
layers. 

The exact number and nature of inde- 
pendent factors the system is depending 
on may be obtained after introduction of 
the following dimensionless variables and 
parameters, 


[Q] [P] 

9 kqC{!' p kp c°’ 


ik 3 rg 

SqC°d’ 


--k^KQ Cp 



1 


^red^s[5] 


/o = //(o, 


\[r = 


FS CpD 


with Sq = , <5p = 


Dp 

D 


(58) 


The concentrations of Q and P are 
normalized to the values they would have 
if the film were exposed to a concentration 
of Q or P equal to the bulk concentration 
of cosubstrate, Cp, taking into account 
the two partition coefficients, /cp and 
/cq. Likewise, in the expression of [S], 
the (excess) concentration of substrate 
is multiplied by its partition coefficient, 
/cs- The kinetic parameter X, measures 
the competition within the enzyme film, 
between diffusion represented by the term 
SqD/1 (SqD = Dq) and the rate term 
k$ Fg. The current is normalized toward 
the parameters of the diffusional transport 
of the cosubstrate in the solution. The set 
of equations listed in Table 3 ensues. 

The system thus obtained involves N — 
n + 1 variables, including tjr, related by the 
same number of equations. Since N — n 
of these are nonlinear equations because 
of the aq term, an iteration procedure is 
needed. One starts from a set of q values 
obtained for a = 0. The equations then 
become linear and the Gauss elimination 
method may thus be used to obtain these 
starting q values. In a second round, these 
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Tab. 3 Dimensionless equations 
for an enzyme film containing 
n - 1 inactive and N - n active 
layers 


<7 n — tfn-l + fof — 0 

r . 2Xq n 

^n+l — Qn + J0V — — 

I + aq„ 

„ 2A.q rt +i 

qn +2 — r.q n + i + — 

1 + crrjn+i 

n 27.q m _i 

2q m — 1 i tfm—2 — “ ; 

I + crq m -i 

^m+1 1 — “ ; 

1 + <7q m 

~ 2^m+l 

tfm+2 t-Cjm+l ~r tfm — “ ; 

1 + aq m+ -\ 


qN ~ 2qN-i + qN-2 = 


—qN + qN—i = 


2XqN 
1 + vqN 


2Aq/y_i 
1 + a 


/<rp<5p 

— — qN + {n~ 1 +/oW 

kqoq 


KpSp 

kqSq 


values are used in the crq term and a new 
set of q values are obtained by means of the 
Gauss elimination method. The procedure 
is repeated until the desired accuracy has 
been reached. The current and the concen- 
tration profiles may thus be obtained in 
this manner. The procedure also applies 
to the case where the amount of enzyme is 
not the same in each layer. It suffices to en- 
ter each value in the parameter X and pro- 
ceed with the calculation in the same way. 

Each of these calculations requires 
inputting four independent parameters, 
namely, X, a, /o, and kpSp/kqSq. Thus, 
if an estimate of / is to be derived from 
experimental values of the plateau cur- 
rent obtained with known values of the 
cosubstrate and substrate bulk concentra- 
tions, one ought to know from indepen- 
dent sources, the three rate constants, ki, 
k re( j, and k 3, the surface concentration of 
enzyme in each layer, T®, the ratio of the 


distance between the electrode and the first 
enzyme layer to the distance between two 
successive layers, /o, in case it differs from 
1, the diffusion coefficient of the cosub- 
strate in the solution, D, the ratio of the dif- 
fusion coefficients of the active form of the 
cosubstrate in the film and in the solution, 
<5q, the partition coefficient of the cosub- 
strate and substrate depicting their passage 
from the solution to the film, /cq, and k s, 
respectively, and, for P, the product /cp<5p. 

Close form expressions of the current 
and of the concentration profiles may be 
obtained in the particular case where the 
film contains n — 1 inactivated layers on 
top of which one active layer has been 
deposited. Indeed, making n = N reduces 
the set of equations in Table 3 to the 
following three. 


q„ ~ q n - 1 + M = 0 


- qN + qN - 1 = 


2XqN 

1 + aqty 


KpSp 

— — q N + (n- 1 + f 0 )f 
kqSq 


(59) 


(60) 


/cp5p 

kqSq 


(61) 


Eliminating q n and q n -\ and turning back 
to the dimensioned variables leads to 


FS _ 1 / 1 1 \ 

T ~~ 2rf U + *red[S]/ 


2k 3 r°/c Q c° 1 - 


FS K p8pDCl 
(62) 

where L = (n — 1 + fq)l is the total thick- 
ness of the film. The concentration profiles 
are given by 


Cq ( « L_\ 

C£ \ FSDC^ /tq5q J 

i Cp i 

FS 8 q DC$ X ' Cjj ~~ FS 8 P DC$ X 

(63) 
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Unlike the general case, the diffusion coef- 
ficient of Q inside the film does not appear 
in the above expressions. The reason is 
that there is no competition between diffu- 
sion of Q and enzymatic reaction since the 
entire enzyme is confined within a single 
monolayer. If, in the particular case, an 
estimate of l were to be derived from ex- 
perimental values of the plateau current, 
one would have to know from indepen- 
dent sources, the three rate constants, k-i, 
k re( j, and k 3, the surface concentration of 
enzyme in each layer, T®, the ratio of the 
distance between the electrode and the 
first enzyme layer to the distance between 
two successive layers, /o, in case it differs 
from 1, the diffusion coefficient of the co- 
substrate in the solution, D, the partition 
coefficient of the cosubstrate and substrate 
depicting their passage from the solution 
to the film, kq , and k $ , respectively, and, for 
P, the product /rp<5p, that is, one parameter 
less than in the general case. 

How the above treatment may be ap- 
plied to the full analysis of experimental 
data is illustrated in Fig. 15 with the ex- 
ample of glucose oxidase with ferrocene 
methanol as the cosubstrate. The results 
obtained with three different electrode 
coatings are displayed in the figure, suc- 
cessively, 10 inactivated layers plus one 
active layer (Fig. 15a), 10 active layers 
(Fig. 15b) and a series with 5 inactivated 
plus 1-5 active layers (Fig. 15c). Several pa- 
rameters are know independently, namely, 
the three rate constants, ky, = 1.2 x 10 7 
M -1 sec -1 , ky = 700 sec -1 , and k re< j = 
10 4 M -1 sec -1 . Tg is also known (see the 
pertinent values in the caption of Fig. 15). 
From the size of the various proteins in- 
volved, it can be estimated that /o = 5/6. 
The diffusion coefficient in the solution, 
D = 6.7 10 -6 cm 2 sec -1 . 

The experiments depicted in Fig. 14, 
with the 10 active layers coating, enclose 


information about /cq. At high mediator 
concentrations (0. 2-0.4 mM), in the lin- 
ear region where the current response is 
controlled by the enzymatic reaction, the 
value of /cq does not influence the en- 
zyme kinetics because the first term in 
the denominator of Eq. (79) is negligible 
as compared to the second term. Upon de- 
creasing the mediator concentration, the 
downward deviation from proportionality 
takes place at smaller and smaller values 
of N . However, in the linear section of the 
ip - N plot, where the current response is 
still solely controlled by the enzymatic reac- 
tion, Eq. (47) applies. The first term in the 
denominator of Eq. (47) is no longer negli- 
gible as compared to the second term and 
therefore the value of /cq should influence 
the enzyme kinetics. The comparison of 
the slopes observed over the whole range of 
mediator concentrations then shows that 
/cq = 1. Additional information on the par- 
tition coefficients may be derived from the 
cyclic voltammetry of the enzyme electrode 
in the absence of glucose. At a low scan 
rate, the oxidation of ferrocene methanol 
shows a Nernstian reversible behavior and 
the voltammograms are practically identi- 
cal at a bare glassy electrode and at the 
enzyme electrode. In slow scans, the dif- 
fusion layer of P and Q largely exceeds the 
film thickness and therefore the current 
response is insensitive to the diffusion 
of the two species within the film. The 
only manifestation of the presence of the 
film on the electrode thus derives from 
the partition coefficients in the relation 
between the bulk and the electrode con- 
centrations, namely, the standard potential 
in the Nernst law, £p/q at a bare elec- 
trode becomes £"p/q + (RT / F)ln(/cp / /cq). 
Since the peak potentials are the same in 
the presence and absence of the film, it 
follows that Kp = /cq = 1. 
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Fig. 15 Variations of the catalytic plateau current in the cyclic voltammetry 
of ferrocene methanol in the presence of 0.5 M glucose in a phosphate buffer 
(pH = 8, ionic strength = 0.1 M), at 25 °C and a scan rate of 0.04 V sec -1 at 
three different electrodes, (a) Electrode coated with 10 inactivated 
(r£ = 2.0 x 10 -12 mol cm -2 ) and 1 active (r[? = 1.5 x 10 -12 mol cm -2 ) 
glucose oxidase monomolecular layers, (b) Electrode coated with 1-10 active 
glucose oxidase monomolecular layers (r® = 1.6 x 10 -12 mol cm -2 ). 

(c) Electrode coated with 5 inactivated (r° = 1 .9 x 10 -12 mol cm -2 ) and 
1 -5 active glucose oxidase monomolecular layers 

(r° = 1 .1 5 x 10 -12 mol cm -2 for the first and 2 x 10 -12 mol cm -2 for the 
others). The full, doted, and dashed lines represent various theoretical curves 
as depicted in the text. 


Information regarding the diffusion 
coefficients of the cosubstrate in the 
enzyme film may be derived from cyclic 
voltammetric experiments in the absence 
of substrate such as those depicted in 
Fig. 16. As the scan rate increases, a 
larger and larger portion of the diffusion 
layer stands inside the film (at e.g., 
20 V sec -1 , the widths of the reaction 
layer and of the film are respectively 1.2 


and 0.6 x 10 -4 cm respectively). The cyclic 
voltammetric responses should thus be 
able to sense the characteristics of the 
diffusion of P and Q inside the film. In 
other words, the anodic and cathodic peak 
currents should reflect the magnitude of 
Sq and 5p. Simulations (Fig. 16b) indicate 
that <5q « 1 and <5p < 1. The simulation of 
the anodic peak current thus provides the 
value of <5p if / is known and vice versa. 
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(a) (a 1 ) (b) 

Fig. 16 Cyclic voltammetry of ferrocene the simulation: zcp = kq = 1 , <Sq = 1 , Sp = 0.6, 

methanol 0.2 mM in the absence of glucose and (1/8 p) (Fv/RTD)^I 2 = 8.5 x 10' 2 , cr = 0.5, 

in pH 8 phosphate buffer (ionic strength: 0.1 M) Its = 0.1 9 cm sec -1 for the bare electrode and 

at a bare electrode (■•■■) and at a glucose 0.13 cm sec -1 for the enzyme coated electrode. 

oxidase electrode coated with 12 monolayers (b) Experimental (E) and simulated ( ) 

( ). Experimental (a) and simulated (a’) anodic peak current as a function of scan rate 

voltammograms at 20 V sec' 1 . Parameters for with the same parameters as in a, a’. 

The value of Z/S P (785 A) is derived from results obtained with these two coatings 

the application of Eq. (57) to the results with those in Fig. 16 allows the determina- 

obtained with the 10 inactivated layers tion of <5p and l (Fig. 15b and c). The same 

plus 1 active layer coating (Fig. 15a). It two values are obtained in both cases, 

follows that 5p = 0.6 and l = 470 (±15) A. The very fact that the same value of the 
Although the dependency upon I and <5p thickness of the enzyme monomolecular 

does not take the simple form with the two layers is found with all the coatings 

other coatings, iterative combination of the investigated is strong evidence in favor 


Electrode Enzyme layers Solution Electrode Enzyme layers Solution Electrode Enzyme layers Solution 



(a) 0 x(A) 5100 (b) 0 x(A) 4630 (c) 0 x(A) 4630 

Fig. 17 Concentration profiles of the oxidized and reduced forms of the cosubstrate 
(normalized to the bulk concentration), (a) Electrode coated with 10 inactivated 
(r° = 2.0 x 10' 12 mol cm' 2 ) and 1 active (r° = 1 .5 x 10' 12 mol cm' 2 ) glucose oxidase 
monomolecular layers, Cp = 0.01 mM. (b) Electrode coated with 1 to 10 active glucose oxidase 
monomolecular layers (r° = 1 .6 x 10~ 12 mol cm' 2 ), Cp = 0.05 mM. (c) Electrode coated 
with 5 inactivated (r° = 1 .9 x 10' 12 mol cm' 2 ) and 1 -5 active glucose oxidase 
monomolecular layers (r° = 1 .1 5 x 10' 12 mol cm' 2 for the first and 2 x 10' 12 mol cm' 2 for 
the 4 others), Cp = 0.005 mM. 
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of the spatial order of the system as 
represented in Sch. 8 and in Fig. 17 
showing the concentrations profiles in 
three of the investigated films. 

13.4.3 

Inhibition by products: Proton Gradients 

The products of the reaction they cat- 
alyze may inhibit many enzymes through 
Michaelis-Menten kinetic retroaction. 
Protons, which are involved as products 
or reactants in a number of cases, may 
also influence the enzymatic kinetics. The 
course of the reaction may therefore be 
altered by the attending production or de- 
pletion of protons. It is thus interesting to 
examine whether these phenomena may 
be revealed by the effect they might have 
on the electrochemical responses of im- 
mobilized enzyme films under appropriate 
conditions [92]. A first clue of the existence 
of such inhibition effects is the observa- 
tion of hysteresis behaviors of the type 
shown in Fig. 18(a) where data obtained 
with 10 glucose oxidase monolayers with 
ferrocene methanol as cosubstrate have 
been taken as example. In the absence of 
inhibition, the forward and reverse traces 
should be exactly superimposed. Hystere- 
sis increases to the point of making a peak 
appear on the forward trace as the scan rate 
decreases and as the concentration of the 
buffer decreases, as illustrated in Fig. 18c, 
c’, c”, c’” by comparison with Fig. 18(a). 

Inhibition by the product implies con- 
sidering the reaction sequence depicted 
in Sch. 9 in place of Sch. 1. k 2 no longer 
stands for the one-step formation of the 
product, R, and the reduced form of the 
enzyme, RE, but rather the formation of 
the complex, RER, associating the reduced 
form of the enzyme with the product. To 
complete the Michaelis-Menten scheme 
pertaining to the product, the complex may 


dissociate reversibly with a rate constant 
k'_ j for its dissociation and a rate constant 
kj for its formation from R and RE. 

The governing flux equations are sum- 
marized in Table 4, the surface concen- 
tration of the reduced enzyme T re being 
given by Eq. (64), which replaces Eq. (57). 

F° 

r i_E 

RE [R] /I 1 \ 

1 + ^ +t5lQ1 U + Wsj) 

(64) 

with K' x = k[ /k '_ 1 

If the enzymatic reaction produces pro- 
tons, as is often the case with oxidases, the 
local variations of pH due to insufficient 
buffering may locally modify the rate of the 
various reactions involved and therefore 
influence the electrochemical response of 
the system. For example, in the case of 
glucose oxidase with ferrocene methanol 
as cosubstrate, the main effect of pH is 
on k 3 [35]: 

k £ 3 , m in + 10 (pH ~ P ^ E) ^3.max 

1 _|_ -|-10(P H -P^a) 

(with: pH = pA' EH/B +log([fi-]/[BH])) 

(65) 

where £3, mm = 6.3 x 10 4 M -1 sec -1 , 
ki.max = 1-2 x 10 7 M -1 sec -1 , and p K^, 
the average pA" a of the FADH2/FADH - 
and FADH /FAD - couples is equal to 7 
[35], A'2 also depends on pH (£2 = 
1900 — 150 pH), whereas k re d(= 1.1 x 
10 4 M -1 sec -1 ) and K[ (= 1.4 x 10 -2 M 
[92]) may be considered as being pH 
independent. 

In Table 4, the boundary conditions 
at the electrode surface involve the 
Butler- Volmer law describing the kinetics 
of electron transfer between the elec- 
trode and the cosubstrate rather than the 
Nernst law describing its thermodynamics 
(as in Table 2), because it is interesting 
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Fig. 18 Cyclic voltammetry of the catalysis of 
glucose oxidation at a glassy carbon disk 
electrode coated with 10 glucose oxidase 
monolayers in the presence of glucose and 
ferrocene methanol in pH 8.0 phosphate buffer 
(ionic strength, 0.1 M). Temperature: 25 °C. 

(a) = 1.5 x 10 -12 mol cm -2 , cosubstrate 

concentration: 0.2 mM, glucose concentration: 
0.5 M [H 2 P0 4 - ] = 2.65 mM, [HPO 4 2- ] = 

32.7 mM, scan rate: 0.04 V sec -1 . Solid line: 
experimental data, dashed line: simulation 
without product inhibition, (b, c, c’, c”, c”’, d, d’, 
d”, d’”) = 2.65 x 10 -12 mol cm -2 , 

cosubstrate concentration: 0.4 mM, glucose 
concentration: 0.4 M, [H 2 PC> 4 - ] = 1.48 mM, 
[HPO 4 2 -] = 16.5 mM, [S0 4 2 “] = 16.4 mM with 
Na + as counterion. Open circles: experimental 
data, full line: simulation of the combined effect 


of proton and glucono-i5-lactone production, 
dotted line: simulation of proton production 
alone, dashed line: simulation of inhibition by 
glucono-(5-lactone production alone, 
dashed-dotted line: no inhibition, (b) Variation of 
the peak current with the scan rate, (c, c’, c”, c’”) 
Experimental and simulated voltammograms. 

(d, d’, d”, d’”) Dissection of the combined effect 
of proton and glucono-i5-lactone production into 
its two components. Scan rate: 0.05 (c, d), 0.2 
(c’, d ’) , 1 (c”, d”), 10 (c’”, d’”) V sec -1 . 

Common parameters for the simulations: 
k 2 = 700 sec” 1 , k 3 = 1.1 x 10 7 M -1 sec -1 , 
k re d = 1.1 x 10 4 M -1 sec -1 , 
ks = 0.1 9 cm sec -1 , a = 0.5, 

D = 5.5 x 10 -6 cm 2 sec -1 , <5p = 0.6 and 
/= 470 A. 


to increase the scan rate to check the 
expectation that the effect of product in- 
hibition should decrease and ultimately 
vanish. The kinetics of electron transfer 


may well interfere under such conditions. 
Exploring the time dependence of product 
inhibition leads to a different adimension- 
alization strategy from the one used in 
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Scheme 9 


the preceding section where only time- 
independent plateau currents were dealt 
with. The following dimensionless vari- 
ables and parameters are thus introduced. 
x = {Fv/RT)t, £ = (F/RT)(E — 
= — u + r with u = —(F/RT)(Ei — 
fspyq) during the anodic scan start- 
ing at E{ and § = — u' — r with u' = 
~(F/RT)(2E { - Ei - £° /Q ) during the 
reverse cathodic scan starting at Ey . 

y={Fv/DRT)^ 2 x , e={Fv/ DRT) 1 ! 2 !, 
eo = (Fv/DRT)^ 2 l 0 
P = [V]/Cl r/ = [Q]/C°, r = [R]/Cp 
bh = [BH]/ Cp, b~ = [B~]/Cp, with: 
bh° = C° H /C°, b-° = C° H /C° P 
\ = (k i r^/8 ] >)(RT/FVD) 1/2 , 
cr = k 3 C$(l/k 2 + l/k G [S]) 

X =C°,/K U A = k s (RT/FVD)V 2 
x/s = (i / FSCp)(RT / FV D ) 1 / 2 



S: substrate, R: product, 

OE: oxidized form of the enzyme, 

OES: its complex with the substrate, 

RE: reduced form of the enzyme, 

RER: its complex with the product, 

P: reduced form of the mediator (cosubstrate), 

Q: oxidized form of the mediator (cosubstrate), 
By BH: base and acid components of the buffer. 


Considering as example the case of 
glucose oxidase and ferrocene methanol, 
the problem is simplified by the fact 
that the diffusion coefficients inside and 
outside the film are the same except for P 
where 5p = Dp/ D = 0.6. 


8q\ 

dy) l<m<N-l 


9 y) 0<m — l<iV— 2 


= -5p 


dp 

9>y 


1 \dyj 0 <m — l 


— l<N—2 


3 b~\ / db~ 

dy ) 

\<m<N —1 V 9y / 0<m— 1<7V— 2 

"/3 bh\ / dbh\ 

\dy ) l<m<N— 1 \3 y) 0<m— 1<N— 2 


= -2Hf) -(f) 

Py/ l<m<N-l Vv/ 0<m-l<N-2_ 

1 T X^lSmsN—l T &l<m<N— lt}l<m<N— 1 

(67) 


(66) 



804 


13 Electron Transfer and Transport in Ordered Enzyme Layers 



— (m— 1) \ ax / +(m- 1) 




[continued overleaf) 


Tab. 4 ( continued ) 
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<L> 

_£= 

tl O ' 
-a S, i 

2 c : 

tJ Si 

3 I 

j-S 

+-> QJ ( 

^ £ 
nj nj 
^ to 

2 ^ ' 

i- QJ 

W &D 
ra ™ 

QJ 

oj > 

E ro ■ 

N . t 


</> 

-s * 


E QJ 


H to 
U 

QJ "O 


successive enzyme monomolecular layers; / o(<) is the average distance between the electrode surface and the first enzyme layer. D S pecies: diffusion 
coefficients of the subscript species in the film. D: common value of diffusion coefficients of all species in the solution. rr S p ec i es : partition coefficient of the 
subscript species between the solution and the enzyme film. T re: surface concentration of the reduced form of the enzyme in each of the active enzyme 
layers (see text). Ep,„, ks and a are the standard potential, standard rate constant and transfer coefficient ofthe cosubstrate couple respectively. 



7 3.4 Spatially Ordered Multimono molecular Layer Enzyme Coatings 


807 


At the electrode surface, 

' dq' 

9 )Vel 

= A exp(a£)[p el - q e \ exp(-£)] 

( 68 ) 

'db~ 


i x l dp 

if = 9 p hr 

. d y / el 


9y 


dbh \ 

"97/el 


( 9 y)ei 


(69) 


dq ' 
9.V/7V 

= — Sp 


At the film solution interface, 

9g\ 

9>’ / ,v-i 
9p \ _/9 t 
,9.v/iv \9.v/iv-i. 

/ db~\ 

dy ) N V dy ) N -i_ 
dbh \ / dbh \ 

dy ) N V dy ) N _ h 

IXwqN 


1 + XfN + ONqN 


(70) 


and 



(71) 

The initial conditions (r = 0) are, what- 
ever the space index, 


p = l, g = 0, r;y=0, bhiy = bh°, b N =b 0 


Appropriate linear combinations thus 
lead to a series of equations involving the 
q s: 


\9y/el 

= A exp(a|) 


1 — qN 


gel ~ c lN 
Sp 


- <7el exp(-f) 


(72) 


9gA 

dy / \<m<N 


~( a -l) 

dy J 0<m—l<N—l 


2^l<m<N Ql<m<N 


QN 


1 + X r l <m<N + a \<m<N qi<m<N 

(73) 


V T - >1 


where the effect of inhibition by R appears 
in the term x r i<m<N while inhibition 
by acid production derives from the pH 
dependence of X and a (through the pH 
dependence of ky, and kj respectively), the 
pH being related to bh and b~ through 


„ „BH/EP 

P** el and 1 <m<N — P^a 

+ and l<m<N /^el and l<m</v) 

(75) 

The r, bh, and b~ s are related to the ^s by 
means of 


^el and l<m<N 


1 [ Z 
2 \pJL J 0 


ijsdri 

V T - h 

^el and l<m<N 


(76) 


bh el and l<m<N — bh T 2 a nd l<m<N > 


b e \ and 1 <m<N ~ ^ 2?el and l<m<N 


The various dimensionless concentrations 
are not only functions of the space variable 
through the index m but also of time 
(r = j At). This double indexation can be 
handled as follows. After linearization of 
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the ci gradient in each layer, Eq. (73) can 
be written as 

for 1 < m < N — 1 : 

Qm+lJ 2q m j T cj m — \ j 

2X m jq m J 

1 T X r m , / T cr m 

The boundary condition at the electrode 
surface (72) becomes 


After integration, 



*7 el, 7 91,7 


from (79) and (81), 


= Aexp(a^) 1 - q NJ 


9 el , 7 - <?/V ,7 QN-1J ~ I 1 + 


2X N j \ 

x : 1 qiy i = — 

- r/ei j exp(-£) (78) 1 + + &NjqNj ) 

J (82) 

The boundary condition at the film/solu- F ° r R - a similar treatment leads to 
tion interface is obtained as follows: 

^(el and l<m<N),j 

For ») = N. ~ ‘111 = - (ji) 747 

e ) nj =^-=[^j + ^] 

7 T 

+ - N -J^ N -J ( 79 ) 9(el and l<m<N),j , 0 ^ 

1 + XHV.y + <y N jq N j r 


For m = A, 


while from (74), 


qN,j 



(80) 


k=j-i 

with T,f = y~] 
k - 1 



The q profile may thus be obtained by an 
iteration procedure in which the starting 
q values are obtained by replacing q m j by 
cjm.j-i in the denominator of Eq. (30), qiyj 
by qN,j-\ in the denominator of Eq. (81) 
and in Eq. (77) as well as r m j by r m j- 
X/n . j by X m j-\j <7m, j by o m j— \ in Eq. (30), 
rN,j by r N j- 1 , a v .7 by X N j- i, cr N j by 
<7N,j- 1 in Eq. (35). The q s thus obey a 
system of linear equations consisting of 
an equation relating q e \ j and qij, N - 1 
equations relating q m+ \j, q m j , and q m _ij 
(from rn = 1 to N - 1), and one equation 



relating q^-ij and QN,j- Application 
of the Gauss method thus allows the 
determination of all the and l <m<N),j 
and, from them, of i jrj = (q e \j — qi,j)/so 
and ( dq/dy)wj and therefore of and 
Y, q . These values are then used to obtain 
Gel and i<m<N),j from- Eq. (83). 

^(el and l<m<N), j and bh( e \ an d l<m<M),y 
are then derived from Gel and i<m<JV), ;> 
thus allowing the calculation of the 
pH and, from it, of A. (el and i< m <N) j 
and (Tfei and i<m< N), j • All the required 
ingredients are thus ready for a second 
round of iteration. The procedure is 
repeated until the desired precision is 
reached. 

An example of the application of this 
procedure has been described for a film 
made of 10 monomolecular layers of ac- 
tive glucose oxidase (prepared as depicted 
in Sect. 13.4.1) with ferrocene methanol 
as cosubstrate. The cyclic voltammetric 
data summarized in Fig. 18 show, as ex- 
pected, that the effect of product inhibition 
increases upon decreasing the scan rate 
(Fig. 18 c, c’, c”, c’”) and the buffer con- 
centration (compare Fig. 18a and c, c’, c”, 
c’”). It is seen that inhibition may become 
so severe that it does not translate only by a 
hysteresis behavior but by the occurrence 
of a peak. Quantitatively, Fig. 18(b) shows 
that there is a good agreement between 
the experimental and simulated variations 
of the peak potential with the scan rate. 
It also shows that inhibition by acid for- 
mation is more significant than inhibition 
by the substrate (gluconolactone). This is 
also what appears in the simulation of 
the whole voltammograms (Fig. 18d, d’, 
d”, d’”). The agreement between experi- 
ment and simulation is less satisfactory 
for the whole voltammograms. This is 
likely to be due to the neglect of the 
possible variations of the enzymatic rate 
constants with the ionic strength, which 
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may vary substantially with the distance 
to the electrode and the electrode poten- 
tial. It is indeed seen in Fig. 19 that the 
value of the ionic strength at the elec- 
trode surface may be quite different from 
its bulk value according to the potential 
scanned over the voltammogram. This is 
also true for the pH and the substrate, 
glucono-S-lactone, (Fig. 19), but these vari- 
ations have been taken into account in the 
above analysis. 


The examples reported above show that 
procedures based on biomolecular recog- 
nition allow the immobilization of well- 
defined monomolecular layers of enzymes 
onto electrode surfaces. These procedures 
extend to the step-by-step construction of 
systems made of successive monomolec- 
ular layers in which each layer serves 
as a template for the deposition of the 
next layer. The same strategy allows the 
building of structures containing inacti- 
vated enzymes layers serving as spacers 
between active layers. Its versatility also 
permits the association of two enzymes 
in successive layers that can be coupled 
through their substrate and cosubstrate. 

It is remarkable that this technology 
is mild enough to result in very little 
degradation of the enzyme activity unlike 
many purely chemical approaches. The 
stability over time of the systems thus 
synthesized is also worth emphasizing. 

Among the biorecognition strategies 
that have been explored so far, 
namely, those based on avidin-biotin 
and antigen-antibody interactions, the 
latter is easier to handle and is 
more reliably applicable. This difference 
relates to the higher irreversibility of 
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unraveling of interesting reactivity charac- 
teristics. The analysis of the kinetics is 
rather straightforward for such situations, 
based on moderately complicated exten- 
sions of the available theory of “catalytic 
currents” in, for example, cyclic voltamme- 
try. The same is true for monomolecular 
coatings with the cosubstrate in the so- 
lution. With monomolecular integrated 
systems, the treatment is complicated by 
the fact that the concentration of the co- 
substrate heads is not a constant over the 
region of space where they shuttle elec- 
trons in between the enzyme sites and 
the electrode. The problem may, neverthe- 
less, be solved with no major difficulties 
by injecting the flexibility and length char- 
acteristics of the attaching arm into the 
diffusion problem. The formulation and 
resolution of the diffusion-reaction prob- 
lem in the case of multilayered films with 
a free cosubstrate is somewhat more in- 
volved but remains perfectly tractable. The 
most complicated case treated so far con- 
cerns such systems in the case where 
inhibition by-products are taken into ac- 
count. However, in spite of a rather heavy 
formalism, the problem is solved by re- 
course to rather classical finite difference 
and integral equation procedures. When 
going to more and more complex systems, 
the real difficulty resides more in the mul- 
tiplication of parameters that have to be 
independently known than in the formu- 
lation and calculation techniques. 

The construction and analysis strategies 
that have been developed so far have 
been illustrated with a limited number 
of systems, mostly with application of 
enzymatic catalysis to sensor and synthesis 
as a general background. They may 
have obviously been applied to many 
other enzymatic setups within the same 
framework, and they may also have 
been useful for different purposes. A 
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first example, which we have discussed 
in Sect. 13.3.2, is an application to the 
determination of the activation parameters 
of the recognition between an immobilized 
biomolecule and another biomolecule 
dispersed in the solution. Many other 
applications to biomolecular recognition 
may be thought of. 
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